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ABSTRACT
INFRARED REFLECTANCE SPECTROSCOPY AS A CHARACTERIZATION PROBE
FOR POLYMER SURFACES AND INTERFACES
SEPTEMBER 1998
SOPHIE A. RIOU, B.S., UNIVERSITE DU HAVRE
DIPL.-ING., UNIVERSITE DE TECHNOLOGIE DE COMPIEGNE
DIPL.-ING., TECHNISCHE UNIVERSITAT BERLIN
M.S. AND PH.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Shaw L. Hsu
Only recently has external reflectance infrared spectroscopy been used to acquire
structural information at the molecular level at air-liquid interfaces, and particularly to
characterize in situ molecular chains adsorbed at the air-water interface. This technique has
been applied for the determination of chain orientation, chain conformation and packing
density of small molecules such as phospholipids, fatty acids and fatty alcohols on the
surface of water, and more recently of macromolecular systems. Vibrational spectroscopy,
a nondestructive technique, is especially successful in the determination of the
conformational order or disorder of alkyl chains (e.g. trans/gauche ratio) as well as in the
evaluation of coil, helical or extended conformations in poly(amino acids).
In this thesis work, the construction of a microcomputer controlled Langmuir
trough optically coupled to a FT-IR instrument has allowed the direct investigation of
molecular films spread at air-liquid interfaces. Order-disorder transitions and relaxation
behaviors in vinyl comb-like polymeric Langmuir films have been examined using
simultaneously external reflection infrared spectroscopy and surface tensiometry. The
structures of several poly(amino acid) films have also been studied as a function of surface
packing density at the air-water interface.
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CHAPTER 1
INTRODUCTION
11 Overview of the Dissertation
During the past decades, organized molecular films such as Langmuir-Blodgett
multilayers, 1-8 first formed on dielectric liquids and then deposited onto solid substrates,
and self-assembled monolayers,9-i3 directly interacting with solid substrates, have been of
particular interest in the scientific community. The lateral organization and orientation, and
the specific molecular interactions at interfaces of such extremely thin films have led
materials to new technological applications, from thin film optics for the switching,
amplification and waveguiding of optical signal3.i4-i6 to cholesteric liquid crystals for
information display and storage,! 7- 1 9 conducting polymers for the fabrication of molecular
electronics devices,20 biological sensors and transducers,2i'22 pattemable materials such as
photoresists and electron beam resists,2.23 templates for the tailoring of surfaces and
interfaces,24.25 and other surface modifiers for protection, lubrication, adhesion, and
wetting. The final properties of these ultrathin films depend to a large extent on the
structure and internal organization of the chemical repeating units and, particularly for
Langmuir-Blodgett multilayers, on the film processing conditions (temperature, spreading
solvent, monolayer compression rate, deposition process conditions) which may
appreciably influence the final orientation.
Besides the technological applications of ultrathin organic films, there are a number
of scientific interests in studying nearly two-dimensional systems. Recent theoretical
studies of adsorbed molecular structures have used the mean field approximation to predict
the dimension of adsorbed interfacial layers in terms of the relative amount of molecular
1
chain loops, trains and tails present at interfaces.26 These theoretical studies have been
supported by a number of experimental results provided by X-ray24,27 or neutron28
reflectance spectroscopy, X-ray photoelectron spectroscopy,29 surface tensiometry30 and
vibrational spectroscopy ,3132 but most of these investigations have centered on the amount
of adsorbed polymer chains rather than on the nature of the structures present at the
interfaces.
Since the geometric constraints and the stresses imposed on polymer chains at a free
polymer surface, a polymer - substrate interface or any other interfacial region are quite
different from those encountered in the bulk phase, and since molecular chains in a
restricted geometry are unable to adopt the full range of conformations accessible in the
bulk, qualitatively different equilibrium microstructures and morphologies are expected in
interfacial polymer films. Modification of the local environment has been shown to induce
interfacial restructuring,33 a structural rearrangement of some functional groups occurring
in response to minimizing the interfacial free energy. For example, the relatively rigid
poly(methyl methacrylate) molecules have been shown to form monolayers at the air-water
interface with the ester dipoles oriented vertically toward the polar aqueous phase,3'^-36
while adsorbed poly(ethylene oxide) molecular chains adopt a flat conformation at the air-
water interface.37 Surface-induced transformation and metastable behavior at interfaces are
thus two critical phenomena that need to be further understood in the search of a precise
control of thin film properties. Numerous differences in transformation processes at
interfaces, such as structural phase transitions38-40 and melting - crystallization
processes4i'42 which have been observed in a few studies, are of particular interest.
The main objective of this thesis is thus to study ultrathin organic films (less than
1000 A thick) in a quasi two-dimensional geometry, and more specifically Langmuir
monolayer or bilayer films that are spread on liquid substrates. The latter films are the
precursors used for the built-up of multilayered films onto solid substrates, so-called
Langmuir-Blodgett films. This type of interfacial arrangement, at an air-liquid interface,
not only provides interesting degrees of freedom but also allows the modification of several
experimental parameters (molecular film surface density, surface charge density, substrate
composition, ionic environment, temperature, lateral pressure...). The structure and
physical properties of monolayers on a liquid substrate have been characterized with a large
number of techniques in order to understand relationships between thickness, surface
density, correlation length, phase transition, phase coexistence, and adsorption kinetics in
the case of soluble systems. A more detailed understanding of the structures at the
molecular level, and particularly of the molecular chain conformation and segmental
orientation, is necessary however.
1-2 Surface Tensiometrv and External Reflectance Infrared Spectroscopy
A Langmuir monolayer is a single layer of molecules of a surfactant, such as a fatty
acid or fatty alcohol or an amphiphilic polymer, spread at an air-liquid interface. The
surface pressure of the monolayer is defined as,
T^ = io-y (1.1)
where y is the surface tension of the monolayer-covered surface and is that of the
uncovered surface. When n is expressed as a function of surface molecular area A at
constant temperature T, a correspondence can be drawn between the resulting monolayer n-
A-T isotherm and the P-V-T isotherm of the bulk material ."^^ Discontinuities in (dn I d\\
(Figure 1.1) or (3P / d'W\ indicate the appearance of transitions between phases with
different structures. Surface tensiometry is thus a unique technique for studying phase
transitions in the two-dimensional geometry of Langmuir films at an air-liquid interface,
analysis of surface pressure - area isotherms providing direct evidence of the molecular
surface densities.'^^
Molecular Area (A2 / unit)
Figure 1 . 1 Schematic of a surface pressure - area isotherm showing different phase
regimes.
Until recently, the acquisition of structural information at the molecular level at air-
liquid interfaces has been performed using X-ray reflectivity,27,44 Brewster angle
microscopy 45 ellipsometry,30.37.46 surface light scattering ^7 neutron
reflectometry ,28,48,49 surface tensiometry or fluorescence microscopy.^o Most
spectroscopic techniques cannot study flat, low surface density interfaces with sufficient
sensitivity and reasonable signal-to-noise ratios, although this has been changed with in
situ synchroton X-ray diffraction. Vibrational spectroscopy, however, is capable of
providing detailed information on the microstructures and, in contrast to the other
techniques, is sensitive to the molecular environment, chain conformation, chain
orientation, and molecular packing density in both crystalline and amorphous regions of
thin polymeric films. Recently, external reflectance infrared spectroscopy has been used to
characterize monolayer films of amphiphile small molecules spread at the air-water
interface,5i-54 but only a few polymer systems were investigated.55.56
We thus propose to use the recendy developed external reflectance infrared
spectroscopy technique,53.54,56,57 to gain insight on the molecular order, conformation and
4
density packing of polymer surfaces or interfaces, and specially of polymeric Langmuir
films at the air-water interface. This non-destructive tool has the advantage to be extremely
sensitive to ultrathin films of even one molecular layer thickness. It requires very little
sample preparation, and is suitable for in situ studies of films formed on liquid substrates
such as Langmuir films spread on the surface of water. The liquid substrate has the
advantage to present a flat and compressible surface to the spread or adsorbed molecular
species and composition, polarity and temperature of the substrate can be readily
controlled. The deposition of the monolayers on solid substrates prior to characterization
becomes unnecessary, the films structure being probably modified by the process of
deposition. Moreover, the acquisition of structural information obtained by this technique
may be provided during the process of film formation itself, on compression of a spread
film or on adsorption from the bulk solution to the air-solution interface. Kinetics aspects
such as structural relaxation, molecular rearrangement and conformational changes within
the interfacial region can also be examined.
Previous studies have shown the need to complement the external reflectance
infrared technique with surface tensiometry to provide additional information on Langmuir
films that were spread on liquid substrates and further compressed.52.57,58 Since
commercial Langmuir troughs do not provide such an arrangement with an infrared
spectrometer, we have constructed an apparatus that interfaces an infrared spectrometer
with a Langmuir trough equipped with a tensiometer. This assembly has been patterned
after the designs first described by Dluhy and his co-workers,^^ ^nd further modified by
several groups. ^"^'^^"^^ The design and mode of operation of our apparatus is described in
Chapter 2. A few critical aspects in the design of this instrument have been outlined, and
the calibration procedures performed on the apparatus described.
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1-3 Structural Studies at the Air-Water Tnterfarp
The structures associated with Langmuir films of alkyl chains-containing materials,
in particular the amount of conformational order, can be typically examined in terms of the
trans/gauche ratio of methylene units using infrared spectroscopy.62 The conformation
sensitive methylene stretching vibrations of hydrocarbon chains prove to be extremely
sensitive indicators of conformational change and can thus be monitored during the slow
dynamic compression of Langmuir films changing from expanded to more condensed
monolayer states up to the monolayer collapse. In Chapter 3, the structures of two vinyl
comb-like polymeric monolayers, poly(octadecyl acrylate) and poly(octadecyl
methacrylate), have been monitored as a function of molecular packing density in order to
investigate quasi two-dimensional order - disorder transitions occurring during monolayer
compression. The effect of subphase temperature on the molecular order has also been
examined to better understand crystallization - melting behaviors in two-dimensional
restricted geometries.
Surface pressure - area isotherms are often measured under dynamic compression
conditions and monolayer films may exhibit a surface pressure relaxation following the
compression step. Monolayer instability, hysteresis and irreproducibility in isotherms
during compression - expansion cycles are kinetic effects that contribute to the idea that
monolayers are not in a true equilibrium state. In Chapter 4, the relaxation behaviors of
poly(octadecyl acrylate) and poly(maleic anhydride-alt- 1 -octadecene) monolayers have been
investigated up to and beyond their collapse region using the combined techniques of
surface tensiometry and external reflectance infrared spectroscopy in an attempt to elucidate
the molecular dynamics associated with the formation and the collapse of monolayers. The
relaxation process has been analyzed using the Maxwell viscoelastic model and
characteristic relaxation times have been determined. The time dependence of the surface
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pressure at constant cross-sectional areas has been monitored, and the molecular structure
m terms of chain conformation simultaneously determined.
Understanding the details of structural changes in proteins on adsorption is
important since these changes are directly related to macroscopic phenomena such as blood
clotting,63-65 the surface denaturation of serum albumin and fibrinogen molecules,66 the
enzymatic activity in living cells,6V or the two-dimensional crystallization of streptavidin
and ribosomal subunits on lipid monolayers.68 in general, the study of the conformational
behavior of proteins and polypeptides at interfaces is particularly important for
understanding the structure - function relationship of membrane proteins and for the
development of successful biomaterials. There are other important fundamental reasons for
studying adsorbed polymers as well. Because amphiphilicity is an important determinant
of the secondary structure of proteins and polypeptides,69 the air-water interface is ideal in
providing an amphiphilic environment for the study of specific conformations at an apolar /
polar interface. In addition, owing to the complexity of native protein structures, use of
model polypeptides can simplify tremendously the investigation of protein conformations at
interfaces. Insoluble polypeptide monolayers at the air-water interface have thus been
employed as model compounds in order to investigate chain folding, molecular orientation,
and domain formation, relevant to the problems of membrane structure, surface activity,
and surface denaturation.70-76 in Chapter 5, the structures of several synthetic polypeptide
monolayers have been investigated directly at the air-water interface. Chapter 6 is an
extension of Chapter 5 and concerns the structural characterization of poly(P-benzyl L-
aspartate) Langmuir films under different experimental conditions.
The processing of silk polymers produced by spiders and silkworms in vivo has
been the focus of many studies in the past decades. Silk fibroin displays several useful
properties expected of soft-tissue compatible materials and has therefore potential
applications in the development of soft contact lenses, artificial corneas or artificial skin
substitutes.7V.78 For example, silk fibroin has a high oxygen permeability and high water-
vapor permeability, good mechanical strength in the wet state, resistance against enzymatic
degradation, resistance to y-ray radiation, and the ability to attach and promote the growth
of cells.79-81 It has been shown that the processing of silk protein in vitro conditions from
an aqueous phase under ambient conditions also resulted in water-insoluble high-strength
fibrous products.82,83 Even though the structure of silk and associated properties have
been a rich field of study, the exact mechanism for this crystallization process is not well
established. By better understanding how silk is formed hopefully will lead to new
methods to process polymers in which the only solvent by-product is water. An
investigation of the Bombyx mori silk fibroin structure in the bulk phase and at the air-silk
solution interface has been performed in Chapter 7.
Finally, a summary of the dissertation work and suggestions for future work are
presented in Chapter 8.
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CHAPTER 2
DESIGN AND CONSTRUCTION OF A MICROCOMPUTER CONTROLLED
LANGMUIR TROUGH OPTICALLY COUPLED TO A FOURIER TRANSFORM
INFRARED SPECTROMETER
2. 1 Introduction
The thermodynamic study of Langmuir monolayers consists in measuring the
surface pressure tc as a function of monolayer surface area (usually given as AVmolecule or
AVrepeat unit) at constant temperature using an apparatus called a Langmuir trough.
Langmuir trough attachments for conducting external reflectance infrared spectroscopy
experiments of monolayer films spread on the surface of water or other liquid substrates are
commercially available (Graseby-Specac). These commercial assemblies are usually placed
within the spectrometer's sample chamber, the infrared incident radiation being focused
onto the liquid surface of a mini-trough and redirected to the detector optics by a system of
concave mirrors (Figure 2. 1). The dimensions of these troughs are relatively small to fit
within the sample chamber of the spectrometer (-20 cm^) and compression ratios are quite
low (at most 1 :3 ratio). Wall effects and meniscus of the liquid surfaces for such small
surface areas are not negligible and may affect the microstructure and morphology of the
molecular films adsorbed or spread on the liquid surfaces. In addition, the compression of
insoluble molecular films present at such air-liquid interfaces is often achieved using a
single barrier system (sometimes manual), which does not allow for a homogeneous and
symmetrical compression. Finally, the temperature of the liquid subphases in these
commercial attachments is usually not controlled. Several of the drawbacks in these setups
have therefore received some attention in the design and construction of our own Langmuir
apparatus coupled to a Fourier transform infrared spectrometer.
13
Sample Chamber
MIR Source
Fixed Mirror
MCT Detector
Collecting Mirror
Figure 2.
1 Schematic illustration of the optical train in a Langmuir trough attachment
cell (type Graseby-Specac) placed in the sample chamber of a FT-IR instrument.
In section 2.2, we describe the design of our Langmuir trough interfaced to a
tensiometer and to a Fourier-transform infrared spectrometer, that allows the simultaneous
measurements of vibrational spectra as well as surface pressure - area data as the trough
surface area is continuously (or discontinuously) and symmetrically modified. We have
incorporated in our design substantial modifications to the existing systems, paying
attention to the methods and experimental conditions, such as drifts in temperature and
impurity levels. The unique design and versatility of this apparatus not only allows the
observation of conformational changes within Langmuir films of varying surface packing
densities upon the application of lateral pressure and temperature modification, but also the
monitoring of the dynamics associated with the adsorption or rearrangement of molecular
chains at an air-liquid interface. In section 2.3, a short description of the computer
interfacing of the Langmuir trough and Cahn electrobalance is included. Then, in section
2.4, we delve further into the Wilhelmy method for measuring the surface pressure n and
the experimental procedures for calibrating the electrobalance. We also detail the methods
for cleaning the Langmuir trough and preparing monolayers. Finally, the performance of
our apparatus, especially the Wilhelmy plate - Cahn electrobalance, barrier compression
mechanism, temperature regulation system, and external infrared reflectance setup are
tested by characterizing Langmuir films of phospholipids at the air-water interface.
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2-2 Design and Constnir.tion
In order to conduct precise spectroscopic studies of well defined monolayer films
spread at air-liquid interfaces, it was necessary to incorporate in the design of our Langmuir
trough several features that attempt to improve monolayer compression and eliminate
specific problems encountered in the past with commercial troughs.i-2 in addition, this
trough needed to be coupled to our existing Fourier transform infrared instrument (Perkin-
Elmer System 2000 FT-IR). The Langmuir trough described below has been patterned
after the designs first described by Dluhy and his co-workers,3 and further modified by
several groups .4-7 The following aspects in the trough design have received particular
attention. Edge and meniscus effects, which adversely affect results obtained with small
trough designs, are eliminated by building a trough with a width of 153 mm and a length of
450 mm, allowing both the Wilhelmy plate and the infrared optical axis to be positioned far
enough from each other and from the trough walls so that measurements of both surface
tension and external reflectance infrared spectra characterize a flat air-liquid interface. The
infrared incident beam is guided to the trough chamber and the reflected beam to the
detector optics, much as the beam was handled in modifications needed to accommodate a
mechanical stretcher for analyses of polymer deformation mechanisms.^-io Use of a
shallow trough 5 mm deep allows relatively small amounts of liquid to be used to fill the
trough, which permits a rapid thermal equilibration of the liquid subphase at the
temperature desired. The trough construction allows adjustment of the relative humidity
above the liquid substrate, which reduces the severity of the problem of sample and
background intensity mismatch due to water evaporation from aqueous subphases in long
data collection runs. Since stepwise compression has been recommended for examination
of particular crystalline phases,' ^ the computer conveniently controls the symmetric
compression in the trough, allowing stepwise or continuous compression at will. A more
detailed description of the construction and operation of the trough is given below.
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The entire apparatus consists of a Langmuir trough and a Cahn Balance 2000 (ATI
Instruments) electrobalance enclosed in a Plexiglas chamber, optically coupled to a Perkin-
Elmer System 2000 Fourier transform infrared interferometer. The components of the
entire apparatus are all mounted on a floating Newport RS SOOO^m optical table to diminish
mechanical noise; an easy dismounting of all components has proven to be most practical
for cleaning purposes without limiting the instrument reliability. The humidity level is
regulated by slowly flushing nitrogen gas or carbon dioxide-free dry air into the Plexiglas
chamber and monitored using a VWR Scientific digital hygrometer to avoid water
condensation on the reflection optics. A constant nitrogen gas purging flow is also allowed
to circulate within a chamber enclosing the detector optics and placed outside the trough
chamber. The schematic drawing shown below (Figure 2.2) illustrates the Langmuir
trough and its environmental chamber, as well as the optical arrangement of the final setup
after modification of the existing spectrometer's optical train.
Cahn Electrobalance
FT-IR Output
Parallel Beam
Plexiglass Box
Temperature
Controlled
Circulator
Microstep Motor
Converter
0
Indexer
Drive
Figure 2.2 Schematic illustration of the homebuilt Langmuir trough under computer
control and reflection optics setup.
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The collimated beam of the infrared radiation generated by the interferometer is sent
externally to the surface of the homebuilt Langmuir trough before reaching the detector
optics. The infrared radiation is brought to a focus at the air-Hquid interface of the
Langmuir trough at a particular angle of incidence by a 200 mm focal length f/8 Zinc
Selenide lens (Ealing Optical). The 25 mm lens aperture just matches the diameter of the
collimated beam from the interferometer. The focused beam is reflected from an adjustable
flat gold-coated mirror (Edmund Scientific) placed on the optical axis, which allows
variation in the angle of incidence and positioning of the focal point on the surface of the
liquid substrate. The incidence angle is set at 30 ± 4°, which provides reasonable amounts
of reflected energy in both parallel (p) and perpendicular (s) polarizations to the scattering
plane. Because of this angle of incidence, all external reflectance infrared spectra measured
at the air-water interface give rise to negative absorption bands. The reflected beam is
directed out of the trough compartment to the external detector optics that focuses the
radiation onto the 1 mm^ active area of the detector (Figure 2.3). The detector is a narrow-
band mercury-cadmium-telluride (EG&G Judson J15D) detector equipped with a Zinc
Selenide window and cooled with liquid nitrogen, which has a cut-off frequency of 750
cm"' and a peak sensitivity D,* = 4. 10 x 10'" cmHz"^W"' at 10 kHz and is connected to the
interferometer through an external preamplifier board located at the detector. The signal-to-
noise ratio in transmittance mode at 2000 - 2200 cm"' is AT = 0.021%. When polarized
data is needed, a Brewster's angle double diamond polarizer is placed in the collimated
infrared beam before the focusing lens in a rotatable mount.
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Figure 2.3 Schematic illustration of the optical train in the homebuilt Langmuir troughFT-IR instrument setup. ^
The Langmuir trough is machined from solid Teflon®. Two flat movable 200 x 25
X 5 mm barriers are designed to fit tightly across the rim of the trough to avoid leakage. In
service, these barriers allow the surface area to be varied between 125 and 545 cm\ The
barriers are simultaneously driven from the ends of the trough toward the center, where
both the focal point of the infrared beam and the Wilhelmy plate are located, and are
attached to a support assembly mounted on the baseplate of the trough assembly which is
driven by a belt system actuated by a microstepping motor operated under computer
control. The Teflon® trough is mounted on an anodized aluminum baseplate by stainless
steel thumbscrews and bars which allows an easy dismounting for cleaning and yet
provides good thermal contact with the baseplate. Four channels are milled into the
baseplate to allow circulation of a heat exchange fluid through copper fittings and
reinforced tubing. The temperature range of the refrigerated Neslab Instruments RTE 1 1
1
bath circulator is -25°C to +100°C, and water is used as the heat exchange fluid at
temperatures higher than +15°C. Below this temperature, a 50:50 (v/v) mixture of water
and industrial grade ethylene glycol is used. The bath temperature can be maintained by
this apparatus within 0. 1 °C of that desired. The actual temperature of the liquid substrate
within the Langmuir trough can thus easily be varied between approximately +3°C and
+35°C with an accuracy of ±0.2°C. Sufficient time is allowed for the liquid substrate
temperature to equilibrate. Above +40°C, water evaporation from the trough and
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condensation onto the reflection optics are difficult to control. The subphase temperature is
measured by inserting the external probe of a VWR Scientific digital thermometer (±0.1 °C
precision) into the trough before spreading the monolayers and again after completion of
the experiments.
2-3 Computer Interface and Data Acquisition
The output of the electrobalance is collected by a 32 channel Data Translation Model
DT 2805 analog-to-digital I/O board through a Data Translation DT 707 screw terminal
panel. A gain of 500 is used for the 80-150 mV range of voltage output obtained from the
Cahn electrobalance in a typical run. At the beginning of each experiment, the output
voltage from the electrobalance is set to zero for the pure liquid substrate surface tension.
The surface tension can only be measured with a precision of ±0.2 mNm ' due to the
variation of the liquid subphase level over the time frame of the experiments, even though
the apparatus resolution is about 0.01 mNm '. The surface tension data is displayed on the
computer monitor during acquisition as a function of surface area or experimental time.
The barriers are driven by a Parker Hannifin Corporation OEM 57-5 1 single shaft
microstepping motor actuated by a Parker Hannifin Corporation OEM 650 driver interfaced
to a Gateway 2000 80486 computer through a PC23 indexer installed directly on the
computer bus. The motor has been chosen for its low-speed smoothness of operation and
its 25,000 steps/revolution resolution. The high motor resolution serves both for fine
positioning at precise surface areas and for driving compression barriers at very low
velocities. The motor is controlled by buffered command strings generated by a C program
specially written at this effect (Appendix A), which includes the X series commands from
Compumotor to control acceleration, speed, number of steps, and motor resolution. The
PCLAB''"^ subroutine library software package has been patched into the main program for
analog surface tension data acquisition. Travel limiting switches connected to the PC23 are
installed on the trough to prevent accidental excessive barrier excursions. The clockwise
19
limiting switch is used as a home switch for zero positioning. A pure sine motor waveform
is selected from the driver's switch board to reduce resonance, which allows the motor to
accelerate and decelerate smoothly at the start and end of each move. The microstepping
motor runs a precision tooth belt driving symmetrically the compression barriers which
allows a smooth and friction-free movement. The barrier compression rate can be
continuously varied throughout the range of -0.3 to 30 cmWn '. In addition, the barriers
can be stopped at any time during the runs to acquire infrared data.
2.4 Performance of the App^mtns
2-4.1 Calibration of the Cahn Electrobalance
The surface pressure of a Langmuir monolayer is defined by
^ = 70-7
: (2.1)
where is the surface tension of the uncovered liquid surface and y is that of the
monolayer-covered liquid surface. There are two main methods for measuring 7c,i7.i8 the
Langmuir technique developed by Langmuir '9 in 1917 giving a direct measure of tc and the
Wilhelmy technique developed by Wilhelmy^o in 1863 giving an absolute measure of
surface tension. The second technique, recommended by International Standard ISO 304,
has been chosen in our apparatus to measure the surface pressure of molecular films spread
on different liquid substrates under various packing density conditions at constant
temperature. When such films are spread on a liquid substrate, the surface tension
decreases to minimize the interfacial free energy of that surface. The Wilhelmy balance
consists of a thin plate partially immersed into the liquid subphase and of a microbalance
for measuring the force acting on the plate due to surface tension. The dimensions of the
Wilhelmy plate are 1 x w x t (length x width x thickness) as illustrated in Figure 2.4.
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Figure 2 4 Dimensions and contact angle of the Wilhelmy plate to the monolaver-
covered liquid surface. ^
The forces upon the plate are gravity and surface tension acting downwards into the
liquid subphase, and buoyancy due to displaced water acting upwards. If 8p and 6, are the
densities of the plate and liquid respectively, and h is the immersion depth of the plate in the
liquid, then the net force downwards, F, can be described by the following equation
F = 5pglwt + 2y(t + w)cos(j) - 5,gtwh (2.2)
where y is the surface tension of the liquid, (j) is the contact angle of the plate to the liquid, g
is the acceleration due to gravity (10 ms"^). Weight and upthrust can be eliminated from
Equation 2.2 by zeroing the electrobalance before measurement. The usual assumption is
also made that the thickness of the Wilhelmy plate is negligible compared to its width (t
«
w),i so that Equation 2.2 becomes,
F = 2ywcos(1) (2.3)
We then make the assumption that the liquid completely wets the plate, thus cos (s? =
1 (zero contact angle). The difference in downwards force, AF, experienced by the
Wilhelmy plate between immersion in pure liquid and immersion in monolayer-covered
liquid is thus proportional to the difference between the surface tension of pure liquid (72.8
mNm ' for clean water at 20°C) and that of the monolayer-covered liquid,
AF
lt = Ay=j^ (2.4)
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In our setup, the surface pressures are measured using 15 x 10 x 0.18 mm
Wilhelmy paper plates (Whatman Chromatographic paper n°l) connected by a thin platinum
wire hook to the Cahn electrobalance. It is important to control the width and thickness of
the Wilhelmy plates to a high degree to achieve a high accuracy in the surface pressure
measurements. A fresh Wilhelmy plate is used for each experiment. The good wettability
and ease of use of these plates is very practical.
Since water wets the paper plate with a contact angle close to zero, the measured
force (in mg) is taken to be twice the surface pressure (in mN/m), that is
AF
- 2n
(2.5)
This approximation is expected to have no more than 2% error for a 1 cm wide paper plate.
Note the unit for %: 1 dyne/cm = 1 mN/m.
A first calibration of the electrobalance is performed to check the linearity of the
voltage output data with weight displacement. A number of small weights in the 2 to 500
mg range are suspended at the end of the Cahn electrobalance arm and the corresponding
changes in DC output voltage are measured. The data shows that the change in voltage
output (V - Vq) is exactly proportional to the change in weight (m - vcVq) over the whole
range of interest (Figure 2.5). The regression line is given by (V - Vq) = -0.0002 +
1.0014(m -mg) and R = 0.9998. The temperature is constant at 19.5°C.
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Weight (m - m^, mg)
Figure 2.5 Regression line fit to the voltage (V - V^) as a function of weight (m - m^).
A second calibration using this time a thin Wilhelmy paper plate (Whatman
Chromatographic paper n°l) and a series of pure solvents of well known surface tensions at
room temperature is then performed to confirm the relationship between the measured
analog data and the respective surface tensions. The surface tension calibrants are
Spectroscopic Grade materials purchased from Fisher Scientific and used as received
(Table 2. 1). Distilled water is further treated by filtration through a Milli-Q purification
system to give deionized water of nominal resistivity 18.2 MQcm"'. In Figure 2.6, the
change in voltage output (V - V^) between the Wilhelmy plate partially immersed in a pure
solvent and the same plate suspended in air before its immersion is plotted as a function of
the literature value of the absolute surface tension of that solvent. A linear regression line is
obtained and given by (V - Vq) = -2.0033 + 2.0649.Y and R = 0.9982. This relationship
can then be used to measure surface tension values. Before starting our experiments, the
output voltage for the uncovered liquid substrate (e.g. surface tension y^) is measured by
the electrobalance and zeroed with the software. The change in voltage output gives thus a
measure of the surface pressure n.
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Table 2.
1
Absolute surface tensions of the calibrants. '8-21,22
Solvent Surface Tension (mN.m"') @ 20°C
n-Hexane 18.43
Ethyl Alcohol 22.75
Acetone 23.7
Methyl Alcohol 24.49
Cyclohexane 25.5
Methylene Chloride 26.52
Carbon Tetrachloride ?f> Q5
Formic Acid 37.6
Phenol 40.9
•
Glycol 47.7
Formamide 58.2
Water 73.05
>
6
c
0 10 20 30 40 50 60 70 80
Surface Tension (mN.m"')
Figure 2.6 Surface tension calibration of the Cahn electrobalance (Wilhelmy plate
method) using pure solvents of known surface tension at 20°C.
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^•"^•^ Validation of the Langmuir Trou gh - Tnfr.re.H Sppctrometer App.r.tnc
Preliminary measurements on well characterized systems are necessary to check the
reliability and sensitivity of our new instrumentation. An accurate measurement of the
surface pressures using the Wilhelmy balance technique is crucial for the compression,
expansion and constant surface areas operation modes. The performance of the Langmuir
trough coupled to the interferometer has thus been tested by monitoring the conformational
ordering in Langmuir films of saturated phospholipid molecules under controlled
conditions of temperature and surface pressure. In Appendix B, brief theoretical
considerations about external reflectance infrared spectroscopy are presented. Only aspects
of the theory which are pertinent to the experimental results and data analysis are given.
More detailed descriptions can be found elsewhere 1 2- 1 5 and overviews of the application of
external reflection-absorption infrared spectroscopy (IRRAS) to molecular films at different
air-dielectric interfaces have been provided by several authors.^-'^
Synthetic phospholipids, often used as model compounds for biological
membranes, have been extensively studied at the air-water interface.23-27 Phospholipid
monolayers can be easily compressed at the air-water interface and phase transitions from
liquid-expanded to liquid-condensed monolayer states over a range of temperatures have
been distinguished in situ by fluorescence microscopy,28.29 grazing incidence X-ray
diffraction^^ and surface tensiometry. 24,25 Also, the microscopic nature of these
transitions in phospholipid monolayers at the air-water interface was first characterized
using external reflectance infrared spectroscopy by Dluhy and coworkers.3'23,27 j^g
performance of our newly built Langmuir trough interfaced to the interferometer is thus
tested by monitoring the conformational ordering of phospholipid monolayers of 1 ,2-
dipalmitoyl-5n-glycero-3-phosphocholine, under controlled conditions of temperature and
surface pressure. According to the literature data,27 at low compressions, the flexible acyl
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side chains should be disordered and the amount of trans eonfiguruttons should inerea,se as
the molecular area is further reduced.
Materials
was
l,2-Dipalmitoyl-5n-glycero-3-phosphocholine (DPPC) was obtained from Avanti
Polar-Lipids and used without further purification (Figure 2.7). The solvents used for
spreading the monolayers were used as received. The phospholipid spreading solution
prepared from a 9:
1 (v/v) mixture of n-hexane (99.0+%, Fisher Scientific) and ethyl
alcohol (anhydrous, Aldrich) at 0.5 mg/ml 1 ,2-dipalmitoyl-.s7T-glycero-3-phosphocholine.
Solutions were stored at 5°C and allowed to equilibrate at room temperature before use.
Distilled water was further treated by filtration through a Milli-Q purification system to give
deionized water of nominal resistivity 18.2 MQcm '.
O- CH2O
o=r
—
o—cn^^'k—
H
(CH3)3N±-
Figure 2.7 Chemical structure of l,2-dipalmiloyl-^n-glycero-3-phosphocholine.
Monolayer Preparation and Instrumentation
The trough and barriers were cleaned before each change in use by soaking in a
concentrated potassium hydroxide (Fisher Scientific) aqueous solution followed by
thorough rinsings with distilled water. Typically, 20 rinsings reduced residual base to
undetectable levels. The last rinsings were done with deionized water. When the
monolayer material was not to be changed, the apparatus was only wiped clean with n-
hexane or chloroform soaked swabs followed by several rinsings with deionized water,
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In a typical run, the trough was filled with approximately 500 ml of deionized water
and the barriers closed to the minimum surface area (-125 cm^). The water was allowed to
equilibrate, and impurities that gather at the surface were removed by aspiration of the
surface layer, a procedure which was repeated until the maximum change in surface
pressure was less than 0.5 mNm '. The barriers were opened to the maximum surface area
(-546 cm') and the operation repeated until further surface pressure changes were within
the precision limit. Prior to spreading of the monolayer films, the water in the trough was
allowed to equilibrate to the desired temperature. A lOO-^il Hamilton graduated glass
syringe equipped with a Teflon tipped plunger was used to deposit monolayer films. The
calculated amount of sample solution was deposited dropwise over the entire trough surface
by carefully touching the water surface with the needle tip. Sufficient time was allowed for
monolayer films to relax and solvents to evaporate before the films were compressed (-1
hour). To assure complete solvent evaporation, characteristic infrared bands of the
solvents used were monitored until disappearance was complete. For example, the methyl
stretching vibration of n-hexane found around 2960 cm ' was carefully monitored.^'
Monolayer films could be then compressed and infrared reflectance spectra acquired as a
function of molecular area and surface pressure. The surface area values were
approximated to ±0.5 AVresidue.
The J-stop collimator of the Perkin-Elmer FT-IR spectrometer was set to 4 cm"' and
12.5 mm spot size (largest aperture) which gave a maximum of energy in the mid-infrared
region. A triangular apodization function modified the Fourier transformation of double-
sided interferograms usually consisting of 512 coadded scans with a resolution of 4 cm '
and 0.2 cm"' data interval. Occasionally, a greater number of scans were needed when the
signal was weak. A gain of 8 was employed to compensate partially for the weak
reflectance from the air-water interface. The absorbance units of the spectra were defined
as
-log,o(R/Ro), where and R were the reflectivities of pure and film-covered water
surfaces, respectively. In the spectral region between 1400 and 1800 cm ', characteristic
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vibrational bands such as the amide bands and the carbonyl stretching vibration overlap
strong water vapor bands. Variations in humidity level over time within the trough
chamber strongly affected the quality of the data in this spectral region. These water vapor
bands could be reduced and, in some cases, almost totally compensated by carefully
regulating the humidity level in the compartment enclosing the Langmuir trough.
Frequencies of the specific vibrational bands were determined by the "center of
gravity method".32 in particular, the frequencies and bandwidths of the methylene
stretching vibrations were determined after subtraction of a linearly interpolated baseline
extending from 3000 to 2800 cm '. The estimated uncertainties in frequencies and
bandwidths were ±0.2 cm " unless otherwise specified.32 All reflection-absorption infrared
spectra at the air-water interface were obtained with the incident beam being polarized
perpendicularly to the plane of incidence (s-polarization) otherwise specified.
Substrates for the transmission experiments were polished KBr discs and
measurements were made using a FT-IR Bruker Model 113 spectrometer equipped with a
liquid nitrogen-cooled narrow-band mercury-cadmium-telluride (MCT) detector by
coadding 512 scans at 2 cm"' resolution.
Results and Discussion
An unpolarized infrared transmission spectrum of an isotropic film of DPPC cast
from n-hexane/ethanol on a KBr disc is shown in Figure 2.8. The two intense bands
around 2918 and 2850 cm"' in the spectrum are assigned respectively to the asymmetric and
symmetric methylene stretching vibrations of the phospholipid acyl chains and can be used
to determine the conformational order of the acyl chains (i.e. trans/gauche ratio). The
region between 3000 and 2800 cm ' of the infrared spectrum has been indeed shown to be
sensitive to the conformation of hydrocarbon systems^^ and has been used to determine
structure and phase behavior in phospholipids.23.34 xhe band at 1739 cm"' is due to the
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ester carbonyl C=0 stretching vibration and the band around 1468 cm ' arises from the
methylene bending mode. Finally, the region between 1250 and 1000 cm ' contains
vibrations of the phosphate head group.
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Figure 2.8 FT-IR spectrum of 1 ,2-dipalmitoyl-5n-glycero-3-phosphocholine.
A representative surface pressure - molecular area isotherm for a 1 ,2-dipalmitoyl-
5«-glycero-3-phosphocholine monolayer spread from a mixture of 9: 1 hexane/ethanol on a
water subphase at 19.4°C and compressed continuously at 0.7 AWlecule 'min ' is shown
in Figure 2.9. The surface pressure - area curve presents distinct regions with, in
particular, a phase transition from a liquid-expanded (LE) to a LE/LC (liquid-condensed)
transition region at -71 AVmolecule and a collapse of the DPPC monolayer film below -40
A /molecule. This is in good agreement with previously published isotherms.2335
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Molecular Area (A^/Molecule)
Figure 2.9 Surface pressure - area isotherm of a 1 ,2-dipalmitoyl-^n-glycero-3-
phosphocholine monolayer at the air-water interface.
Figure 2. 10 shows surface pressure - molecular area isotherms obtained at the air-
water interface for monolayer films of l,2-dipalmitoyl-5M-glycero-3-phosphocholine on
aqueous substrates of varying temperatures, i.e. 9.1°C, 17.1°C, and 20.5°C, that were
continuously compressed at 1.2 A^molecule 'min '. These isotherms are in good agreement
with earlier published data.23,25,26 j^e transition pressures from a two-dimensional fluid
(expanded) to a two-dimensional solid (condensed) state also increase with increasing
temperature as predicted by the Clausius-Clapeyron equation for exothermic fluid-to-solid
transitions. ^6
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Figure 2. 1 0 Surface pressure - area isotherms of 1 ,2-dipalmitoyl-.vn-glycero-3-
phosphocholine monolayers at the air-water interface for different subphase temperatures-
9. 1 °C (....); 1 7. 1 "C (-— ); and 20.5°C (— ).
The reflection-absorption infrared spectra using a s-polarized beam obtained for a
DPPC monolayer at the air-water interface (19.4 °C) for surface areas between 102 and 49
per molecule as the monolayer is continuously compressed at a compression rate of 0.7
A^min"' per molecule are represented in Figure 2.11. When these reflectance spectra are
compared with the transmission infrared spectrum shown in Figure 2.8, several differences
are observed. The most noticeable difference is the negative sign of the absorption bands
observed in Figure 2.11. Negative absorbances in external reflectance infrared
spectroscopy are theoretically predicted when the attenuation constant (k) of the complex
refractive index, n = n + ik, of the substrate is small. 37 The k values for water in its
transparent regions are indeed much less than one (k = 0.03 at 3000 cm '; k = 0.05 at 1000
cm"'). 3^ A second difference is the maximum in the baseline around 1640 cm ' which is
typical of reflection-absorption infrared spectra of thin films at the air-water interface. This
shift in baseline results from the large change in the real part (n) of the complex refractive
index of water in this frequency region due to the water absorption band (H-O-H bending
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vibration). The presence of the strong CO, band at -2350 cm ' in all external reflectance
spectra does not interfere with any of the bands characteristic of the monolayer.
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Figure 2. 1
1 Infrared reflectance spectra of a 1 ,2-dipalmitoyl-5n-glycero-3-
phosphocholine monolayer at the air-water interface for different molecular areas.
The frequency positions of the asymmetric and symmetric methylene stretching
vibrations (Figure 2.12) at large molecular areas (liquid-expanded) are found at
approximately 2923.5 and 2853 cm"', respectively, in good agreement with results reported
by Gericke^s and Dluhy.i^ in bulk systems, these frequencies correspond to a highly
disordered hydrocarbon chain structure.^^ Upon compression of the monolayer, lower
frequencies are obtained at about 2918 and 2849 cm"' respectively for a surface area of -49
per molecule. The frequencies observed for these vibrations for the liquid-condensed
phase stable at low molecular areas are suggestive of all-trans chains,^^ indicating an acyl
chain conformational ordering with increasing surface pressure or reduction in the
molecular area. The overall frequency shifts of ~5 cm"' for the asymmetric CH, stretching
vibration and ~4 cm"' for the symmetric CH, stretching vibration on reducing the molecular
area compares well with the shifts reported by Hunt et al.^'^ The ester carbonyl stretching
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vibration at approximately 1735 cm ' and the methylene bending vibration at -1469 cm ' are
located in the region of strong water vapor absorption bands. Determination of exact band
positions is thus rendered difficult specially for the lower surface concentrations. No
significant frequency shift is observed however for both these vibrations on reducing the
molecular area. Finally, the frequency positions of the bands at 1226 and 1089 cm"'
attributed to the PO^" asymmetric and symmetric stretching vibrations of the phosphate ester
respectively, are relatively constant as the monolayer is compressed to smaller areas, which
agrees with previous reports.23,27
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Figure 2. 1 2 Infrared frequencies (filled circles) of the asymmetric (lop) and symmetric
(bottom) stretching bands plotted against molecular area. The surface pressure (open
circles) is also shown.
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2.5 Conclusions
The results reported here using our newly built Langmuir trough interfaced to a
Fourier transform infrared spectrometer confirm the performance and validity of the
measurements made with the instrumentation. When phospholipid monolayers are first
spread on the surface of water, examination of the frequencies of the methylene stretching
vibrations indicates a high degree of disorder of the acyl chains with a large number of
gauche rotamers in the hydrocarbon chains. Frequency shifts of the asymmetric and
symmetric methylene stretching vibrations, from 2923.5 to 2918 cm ' and from 2853 to
2849 cm ' respectively, upon monolayer compression are indicative of a relatively large
change in conformational order. The shifts to lower frequencies demonstrate that the acyl
chains are in a mostly all-trans configuration when the monolayers are condensed to small
molecular areas. These observations establish a high degree of confidence that the
combination of surface tension and infrared external reflectance spectroscopy in our
homebuilt apparatus can be used to directly monitor conformational changes from
characteristic vibrational modes within Langmuir films on the surface of liquid substrates at
different stages of compression and controlled temperature condition.
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CHAPTER 3
ORDER-DISORDER TRANSITIONS IN VINYL COMB-LIKE POLYMERIC
LANGMUIR MONOLAYERS
- STUDY OF TWO-DIMENSIONAL MELTING AT THE
AIR-WATER INTERFACE
3.1 Introduction
Much of the research done in the past on Langmuir films at air-liquid interfaces has
concerned surfactant-like small molecules, such as fatty acids, fatty alcohols and lipids, that
exhibit a strong amphiphilic character. These molecules can easily pack to form condensed
films upon monolayer compression and sometimes form two-dimensional crystals on liquid
surfaces at low subphase temperatures. From electron diffraction studies 1.2 on collapsed
monolayers and synchroton x-ray diffraction experiments3.4 of Langmuir films of fatty
acids and fatty alcohols, it has been shown that crystalline domains surrounded by a more
dilute phase are grown immediately after the evaporation of the spreading solvent on the
surface of water (Figure 3.1). Fluorescence microscopy4-6 and Brewster angle
microscopy7.8 have been used to visualize in situ the formation and aggregation of such
two-dimensional domains. The isolated domains can be gathered during surface
compression resulting in the formation of a continuous semi-crystalline or amorphous
monolayer, depending on the subphase temperature below or above the melting temperature
(Figure 3.2). 1-2,9
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Surface phase coexistence
mi
top view side view
Figure 3.1 Top view of a liquid surface with coexisting molecular domains (whiteregions) and low-density phase (gray region) and corresponding side
^
view
Randomly Assembled
Crystalline Monolayer
Amorphous Monolayer
Tm
Tsubphase
Figure 3.2 Organization structure for semi-crystalline and amorphous monolayers
formed on a liquid surface at subphase temperatures respectively below and above the
monolayer melting temperature.
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Melting and ciystallization transitions that have been extensively studied in bulky
samples by means of calorimetry and X-ray diffraction have been poorly examined in
"ultrathm" films of thicknesses < 1000 A. Although the two-dimensional melting process
has been an important theoretical research area for many years io,i . experimental studies
are scarce. Most characterizations have been performed using quasi two-dimensional
Langmuir-Blodgett films transferred onto solid substrates. '2-1 6 It has been reported in
particular that, the melting temperatures of long-chain fatty acid monolayers are much lower
than the transition temperatures of the corresponding three-dimensional crystals. '2,1 5 To
the best of our knowledge, investigation of the thermal behavior of Langmuir films directly
at the air-water interface has been very limited.
The molecular orientations of two vinyl comb-like polymers, poly(octadecyl
acrylate) (PODA) and poly(octadecyl methacrylate) (PODMA), have been previously
investigated using polarized infrared spectroscopy and electron diffraction in multilayered
films prepared by the Langmuir-Blodgett (LB) deposition technique. 17-20 These studies
have shown a preferential orientation of the long alkyl side chains toward the surface
normal of the LB films, the side chains forming crystals in a hexagonal fashion. It was
already known from X-ray diffraction data of bulk samples that the long flexible alkyl side
chains in poly(n-alkyl acrylates) and poly(n-alkyl methacrylates) are extended at right angle
to the backbone chain, the polymers crystallizing in a layered structure.2i Calorimetric data
had also shown that only the outer part of the side chains form crystalline regions in a
rather loose hexagonal packing,22 while the chain backbone and the methylene groups (9 to
12 methylene units) in its vicinity remain amorphous.23 Although no direct spectroscopic
observation was made at the time for the Langmuir films at the air-water interface, it has
been inferred from surface pressure - area measurements that, in the condensed phase, the
side chains stand side-by-side and vertically on the surface of water with the ester carbonyl
groups oriented toward the liquid phase (Figure 3.3). No actual information concerning
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the degree of side chain ordering upon monolayer compression or the two-dimensional
chain melting behavior in these Langmuir films is available however.
In this chapter, we have used the reflectance infrared spectroscopy technique to
provide some structural information directly at the air-water interface and describe possible
order-disorder transitions within quasi two-dimensional films occurring upon monolayer
compression and heating
- cooling cycle (section 3.3.3). Correlation is also made between
this vibrational information and the information obtained from calorimetric (section 3.3.1)
and infrared (section 3.3.2) measurements of bulk samples. This study should elucidate
some of the structural changes related to temperature fluctuations that may occur in
monolayers, self-assemblies and other thin film systems and give some insight into the
two-dimensional melting process itself.
s-polarization
Figure 3.3 Arrangement of a single poly(n-alkyl acrylate) molecule at the air-water
interface and orientation of characteristic transition moments with respect to the water
surface.
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3.2 Experimental Section
3.2.1 Materials
les were
The chemical structures of atactic poly(octadecyl acrylate) (PODA) and
poly(octadecyl methacrylate) (PODMA) are shown in Figure 3.4. The sampl
purchased from Scientific Polymer Products. The average molecular weights measured by
gel permeation chromatography were approximately 65,000 for PODA and 170,000 for
PODMA. The poly(octadecyl methacrylate) sample, received as a 34% solution in toluene,
was purified before use by repeated precipitation from its toluene solution into methanol
(Aldrich, HPLC grade) and dried under vacuum at room temperature. Poly(octadecyl
acrylate) and poly(octadecyl methacrylate) solutions were prepared in chloroform (Fisher
Scientific, 99.0+%) at 0.5 mg/ml concentration. The solutions were stored at 5°C and
allowed to equilibrate at room temperature before use. Distilled water was further treated
by filtration through a Milli-Q purification system to give deionized water of nominal
resistivity 18.2 MQcm"'.
H
CHo— C
/
CH3(CH2)i7
--CH.— C
n
CH
CH3(CH2)i7
n
Figure 3.4 Chemical structures of poly(octadecyl acrylate) (left) and poly(octadecyl
methacrylate) (right).
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3-2.2 Instrumentation anH MpthnHc
Substrates for the transmission infrared experiments were polished KBr discs and
measurements were made using a FT-IR Bruker Model 1 13 spectrometer equipped with a
liquid nitrogen-cooled narrow-band mercury-cadmium-telluride (MCT) detector by
coadding 1024 scans with a 2 cm ' resolution. Temperature-dependent spectra were
obtained using a homebuilt heating cell controlled by a Wadow temperature controller and a
copper-constantan thermocouple. The temperature values were approximated to ±1°C and
the heating rate to ~10°C/min.
Differential scanning calorimetry (DSC) measurements were carried out on a
Dupont DSC 2910 instrument under nitrogen purging. A heating rate of 5°C/min was
employed. Because the first heating run is frequently influenced by the packing conditions
of the sample in the DSC cell, first and second heating - cooling curves were examined.
Details concerning the monolayer preparation and experimental procedures have
already been described in Chapter 2, section 2.4.2. The surface pressure - area isotherms
were recorded by compressing continuously the monolayer films at the compression rate of
3.0 cm^min"' for various subphase temperatures (range
-i-5°C to +35°C). The heating rate
of the water subphase in the trough was approximated to ~0.2°C/min. After the subphase
temperature had reached the set temperature, about 30 minutes were allowed to assure
thermal equilibrium of the spread monolayer before starting the compression process.
When the subphase temperature was to be changed, and surface pressure changes and
molecular rearrangements at constant surface areas were to be evaluated, sufficient time
was allowed for the initially compressed Langmuir films to relax and equilibrate before
beginning the thermal cycles.
External reflectance infrared data for the monolayer films at the air-water interface
was obtained as described earlier in Chapter 2, section 2.4.2. The use of an s-polarized
beam (perpendicular to the plane of incidence) allows a preferential selection of the dipole
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moments with a component parallel to the plane of the water surface. It is well known that
the transition dipole moments of the symmetric v,(CH,) and asymmetric v,(CH,) methylene
stretching vibrations are oriented perpendicular to the methylene chain axis. If the alkyl
chains are oriented perpendicular to the water surface as illustrated in Figure 3.3, these
vibrations can be seen in the infrared spectra. An intensity lowering of these spectral
features refers to a decrease in the number of methylene stretching vibrations with dipole
moments parallel to the surface, which in other words corresponds to the alkyl chains
tilting away from the surface normal, considering that no sample is lost. However, the
tilting of the chains can be investigated only qualitatively, because for the calculation of the
exact tilt angles a p-polarization and an incidence angle close to the Brewster's angle are
needed.24 The bandwidths and band intensities for the methylene stretching vibrations
were determined after substraction of a linearly interpolated baseline extending from 3000
to 2800 cm '. The uncertainty was approximated to ±0.2 cm"'. 25
3.3 Results and Discussion
3.3.1 DSC Measurements
Poly(octadecyl acrylate) exhibits on heating a melting transition with a maximum
centered at about 48°C while poly(octadecyl methacrylate) shows a transition at a lower
temperature of about 32.5°C (Figure 3.5). The onset temperatures are approximately
44.5°C and 29°C respectively. These values agree well with the literature data and the
melting transitions have been associated with a disordering of the alkyl side chains.22 The
lower melting temperature for poly(octadecyl methacrylate) has been explained by the steric
hindrance brought about by the a-methyl substitution which affects the side chain
crystallization.26
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Figure 3.5 Differential scanning calorimetry curves for bulk samples of (.
poly(octadecyl acrylate) and (B) poly(octadecyl methacrylate).
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3-3.2 Transmission Infrared Spprtra
Unpolarized Fourier transform transmission infrared spectra of isotropic thin films
of PODA and PODMA cast from chloroform solutions on KBr discs are shown in Figure
3.6. Spectroscopic features include the asymmetric and symmetric methylene stretching
bands around 2920 and 2850 cm ' respectively, and a weaker component at about 2959 cm '
assigned to the asymmetric methylene stretching of the vinyl methyl groups (only for
PODMA) and the terminal methyl groups of the alkyl side chains. 19 Other bands arising
around 1736 and 1468 cm ' are assigned respectively to the ester carbonyl stretching and the
methylene bending vibrations.
The melting behavior of the cast films is studied by heating the films to a certain
temperature and subsequently recording transmission infrared spectra. Infrared spectra for
both poly(octadecyl acrylate) and poly(octadecyl methacrylate) in the methylene stretching
region are shown in Figure 3.7. The chain melting phenomenon is clearly evident from the
behavior of the spectral features associated to the alkyl chains. The temperature
dependence of the frequency of the asymmetric methylene stretching bands on heating and
cooling is summarized in Figure 3.8. In both samples, the increase in frequency upon
raising the temperature is indicative of the increase in gauche conformer population. An
increase in bandwidth that originates from an augmentation of rotational motion of the
methylene chains^? is also observed simultaneously to the frequency increase. Cooling
back to room temperature results in a complete recovery of the initial order. The
measurements reveal that the order-disorder transitions occur within a 2°C range, between
+42-44°C for PODA and -i-26-28°C for PODMA. These values are lower by a few degrees
than the melting transitions of the bulk materials obtained from the DSC measurements
(section 3.3.1), which may be explained by the different heating rates employed and a
sample thickness effect.
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Figure 3.6 Fourier transform transmission infrared spectra of poly(octadecyl acrylate)
(A) and poly(octadecyl methacrylate) (B) at room temperature.
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Figure 3.7 Temperature-induced variations of the methylene stretching bands of (A)
poly(octadecyl acrylate) in the range +25-48°C, and (B) poly(octadecyl methacrylate) in the
range +23-35 C. In both plots, the spectra decrease in intensity with increasing
temperature.
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Figure 3.8 Temperature dependence of the frequency of the asymmetric methylene
stretching band for poly(octadecyl acrylate) (filled circles) and poly(octadecyl methacrylate)
(open circles).
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^•^•^ Surface Pressure
- Area Isotherms and Extem.l Reflectance Tnfr.r.H
Air-Water Interface
PolvrOctadecvl Acrylafe)
The surface pressure
- area isotherm of a poly(octadecyl acrylate) monolayer spread
from chloroform on a water surface at 19.5°C is illustrated in Figure 3.9. A compression
rate of 0.4 A^min ' per monomer unit was used. Upon continuous compression of the
monolayer, a gradual transition from a liquid-expanded to a liquid-condensed state occurs.
The steep rise of surface pressure on reducing the surface area is in good agreement with
the isotherms measured earlier by Crisp28 and Mumbyi9 under similar temperature
conditions. The limiting area per monomer unit A^, extrapolated from the slope, is
approximately 25.7 k\ The monolayer film can be compressed down to a cross-sectional
area equivalent to 21.3 per monomer unit at about 60 mNm ', but becomes unstable at
higher surface pressures. This minimum stable cross-sectional area is not much greater
than the optimum packing area of -20 per molecule obtained for a saturated aliphatic
chain, such as arachidic acid, in a close-packed monolayer film.29 A series of surface
pressure - area isotherms are obtained during the continuous compression of PODA
monolayers for several subphase temperatures between 8°C and 27°C. Upon increasing the
subphase temperature, the isotherms shift only slightly to larger molecular areas but their
shape remains identical to the one obtained at room temperature shown in Figure 3.9.
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Figure 3.9 Surface pressure - area isotherm of a poly(octadecyl aerylate) monolayer at
the air-water mterface. ^
Typical infrared reflectance spectra (s-polarized) of a poly(octadecyl acrylate)
monolayer at the air-water interface obtained for a subphase temperature of 12.1°C are
shown in Figure 3. 10 for various molecular areas. The strong upward band around 2300
cm"' is due to the presence of CO2. The maximum in the baseline around 1650 cm ' is
typical of external reflection-absorption spectra of thin films at the air-water interface as a
result of the strong change of the refractive index of liquid water in this spectral range and
cannot be avoided. The asymmetric and symmetric methylene stretching vibrations around
2918 and 2851 cm"' respectively can be used to monitor the conformational order of the
alkyl side chains.^o When the monolayer is compressed for different subphase
temperatures, these characteristic vibrations change accordingly. Other characteristic
bands, resulting from the ester carbonyl stretching vibration around 1736 cm ' or arising
from the methylene bending mode at about 1469 cm"', remain nearly unchanged throughout
the compression of the monolayers and temperature range. The methylene bending band
around 1469 cm"' shows sometimes strong interferences with residual water vapor bands,
and therefore cannot always be interpreted.
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Figure 3.10 Infrared reflectance spectra (s-polarized) of a poly(octadecyl acrylate)
monolayer at the air-water interface for different areas/monomer unit at \2A°C.
The frequencies of the asymmetric and symmetric methylene stretching vibrations
(s-polarized data) for several subphase temperatures are shown in Figure 3.1 1 as a function
of cross-sectional area. At the beginning of the compression, in the liquid-expanded state,
nearly constant frequencies are observed, while around 30-32 per monomer unit, as the
surface pressure starts to rise, a transition to slightly lower frequencies takes place and
continues within the liquid-condensed region up until monolayer collapse. Snyder and co-
workers have demonstrated that in long hydrocarbon molecular chains the frequencies of
the methylene stretching vibrations are conformation sensitive and can be related to the
order, i.e. the trans/gauche ratio of the chains.30-32 Lower frequencies, -2918 cm"' for the
asymmetric CH2 stretching vibration and -2850 cm"' for the symmetric CH2 stretching
vibration, are characteristic of highly ordered all-trans conformations while the number of
gauche conformers increases with increasing bandwidths and frequencies, in the ranges of
2924-2928 cm"' and 2852-2856 cm"' for the respective vibrations.30.33 Furthermore, the
increase in both frequency and bandwidth of the methylene stretching bands upon transition
51
from lower temperatures to higher temperatures is a general trend observed in alkyl chain-
containing compounds.
At all subphase temperatures within the range 8.5°C to 26.5°C and for large
molecular areas, the frequency positions of both the asymmetric and symmetric CH,
stretching vibrations, between 2918.4-2919.0 cm ' and 2851.0-2851.2 cm' respectively,
are indicative of a fairly ordered conformation close to an all-trans arrangement. When the
monolayer is compressed, a slight reduction in the frequencies of -0.8 cm ' for v^CH,)
and
-0.2 cm ' for v^(CH,) is consistent with the view that the conformation of the alkyl side
chains becomes even more ordered at close-packing. At all surface areas examined, the
alkyl chains seem thus in a highly ordered state, suggesting the presence of ordered
domains even at large cross-sectional areas. Upon increase of the subphase temperature
from 8.5°C to 26.5°C, a frequency shift of -0.6 cm ' to higher values at large molecular
areas for the asymmetric CH^ stretching vibration is clearly observed, suggesting a
progressive disorder introduced by the temperature increase. A similar behavior (a shift of
-0.5 cm ' to higher values) is observed at smaller cross-sectional areas. A smaller shift,
within experimental error, of only 0.2 cm ' to higher values is also measured for the
symmetric CHj stretching band.
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Figure 3. 1 1 Frequencies of the asymmetric (A) and symmetric (B) methylene stretching
vibrations versus area/monomer unit for different subphase temperatures.
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The reduction in bandwidtii of -0.5 cm ' of the asymmetric CH, stretching vibration
during the transition from the liquid-expanded state to the Hquid-condensed state, as shown
in Figure 3.12 (A), correlates well with the frequency variation as the monolayer is
condensed. The decreasing bandwidth indicates a decreasing number of different
conformational species and is consistent with the interpretation that methylene sequences
transform from a chain containing some gauche conformation to one that is essentially an
all-trans configuration. The bandwidth increase (-0.6 cm ') with increasing subphase
temperature corresponds to the introduction oi gauche conformers into the hydrocarbon
chains. These observations in correlation with the frequency changes indicate that the size
or the number of ordered domains increases upon monolayer compression, and that these
domains may undergo a transition to an even more ordered structure in the liquid-
condensed regime.
Changes in band intensity of the asymmetric methylene stretching vibration (s-
polarized data) as a function of cross-sectional area and for different subphase temperatures
are shown in Figure 3.12 (B). Above a surface area of -35 AVmonomer unit, the band
intensities exhibit significant differences for the range of subphase temperatures studied.
These differences, which may be partly due to the larger error on peak height determination
at lower surface concentrations, may also be caused by discontinuities such as the existence
of domains in the monolayer films at expanded areas. From this infrared data obtained
using s-polarization, only a qualitative estimation of the tilt angle of the alkyl side chains
can be made since, to obtain accurate orientation information, p-polarized reflectance
spectra should also be obtained. As the monolayers are compressed below -35
AVmonomer unit, the sharper increase in band intensity at all temperatures indicates that the
alkyl chains may achieve a higher orientation closer to a surface normal of the water
surface. This tilting transition corresponds exactly to the region where the lift-off of the
surface pressure - area isotherm is observed, i.e. the transition to the liquid-condensed
regime. Upon increase of the subphase temperature to 26.5°C, slightly lower intensity
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values are recorded which can be explained by a tilting of the chains away from the surface
normal. These observations can be verified by correcting the band intensities for the
relative molecular concentration at which the infrared data is obtained. At the condition that
the alkyl chains remain as all-trans structures, the changes in band intensity will only be
correlated to the segmental orientation and the effect of increasing surface density is
eliminated. One observes after correction an increase in band intensity starting at area
values of -30-32 AVmonomer unit down to area values corresponding to the monolayer
collapse where an intensity drop takes place. This corroborates well the previous
interpretation and indicates a decrease in vertical orientation at monolayer collapse.
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Figure 3. 1 2 Bandwidth at half-peak height (A) and band intensity (B) of the asymmetric
methylene stretching vibration versus area/monomer unit for different subphase
temperatures.
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Surface pressure
- area isotherms for monolayers of poly(octadecyl methacrylate)
spread from chloroform on water surfaces equilibrated at temperatures between 8.9°C and
32.2°C are shown in Figure 3.13 and are in good agreement with previously obtained
data. 17 The extrapolated limiting area for the isotherm of PODMA at 19.4°C is larger
than that of PODA, being shifted to -30.5 per monomer unit. At subphase temperatures
below about 15°C, a steep surface pressure rise is exhibited upon decreasing molecular area
while two distinct regions exist for higher subphase temperatures. It has been suggested
that the first rise in the less condensed regime results from the close-packing of the polymer
backbone against a considerable steric hindrance, and the steeper pressure rise on further
reducing the surface area corresponds to the close-packing interactions between the alkyl
side chains. 19 when increasing the subphase temperature, the collapse pressure is lowered
considerably, the isotherms showing the formation of a liquid-analogous state. 17 Around
32°C subphase temperature, the monolayer compression leads to a maximum surface
pressure of only ~8 mNm"'.
Figure 3.14 illustrates typical reflectance infrared spectra (s-polarized) in the range
of 2980-2820 cm"' obtained for poly(octadecyl methacrylate) monolayers compressed to
about 18 per monomer unit for subphase temperatures between
-i-8.9-32.2°C. The
frequency positions for the asymmetric and symmetric methylene stretching vibrations with
respect to molecular areas at these temperatures are summarized in Figure 3.15. At low
subphase temperatures and for small molecular areas, the frequency positions of both the
asymmetric and symmetric CH^ stretching vibrations, at about 2919-2920 and 2851-2852
cm"' respectively, are indicative of a fairly ordered arrangement, while around +32°C these
vibrations reach values of approximately 2924 and 2854 cm"' respectively indicating the
presence of a high amount of gauche states. For a subphase temperature of 19.4°C, one
can readily observe upon monolayer compression frequency shifts to lower values of ~5
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cm- for v,(CH,) and ~3 cm ' for v,(CH,) starting only after the first rise in surface
pressure, i.e. at the end of the less condensed regime. A bandwidth decrease is also
observed simultaneously to the frequency changes. On raising the subphase temperature to
32.2°C, the frequency shifts at compression are tremendously diminished and only reach
-0.5 and
-0.7 cm ' respectively for both bands. The bandwidths show also differences
depending on the subphase temperature. For the asymmetric CH, stretching band, the
width at half-peak height is of about 16 cm ' at 8.9°C, 17.5 cm ' at 19.4°C, 18 cm ' at 26°C,
and 19.5 cm ' at 32.2X. All these observations indicate that the extent of the side chain
ordering upon monolayer compression is clearly affected by the subphase temperature.
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Figure 3.13 Surface pressure - area isotherms of poly(octadecyl methacrylate)
monolayers at the air-water interface for different subphase temperatures.
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Figure 3.14 Infrared reflectance spectra in the methylene stretching region of
poly(octadecyl methacrylate) monolayers at the air-water interface for several subph
temperatures obtained at -18 AVmonomer unit.
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60
Comparison of the Rei^nlt^ for Roth S^mpies
The frequencies, bandwidths at half-peak height, and band intensities of the
asymmetric methylene stretching vibrations, obtained from reflectance infrared spectra for
poly(octadecyl acrylate) and poly(octadecyl methacrylate) monolayers slowly compressed
at the air-water interface at the same temperature of 19.4°C, are compared in Figure 3.16
and superimposed with the respective surface pressure - area isotherms. For the sake of
comparison, the different variables, i.e. surface pressure, frequency, half-width and
intensity are plotted at the same scale for both samples. By comparison of the isotherms, it
is clearly evident that PODA can be compressed into a more compact monolayer on a water
surface than PODMA. The replacement of the hydrogen in the chain backbone with a
methyl group in poly(octadecyl methacrylate) is causing a restriction in the segmental
mobility and thus in packing density. The infrared data (frequency and half-width)
indicates that, at all compression states, the molecular order of the alkyl chains in the
PODMA monolayer is reduced as compared to PODA. Whereas the alkyl chains in PODA
exist already in an almost all-trans conformation at submonolayer levels, a fairly ordered
structure for PODMA is only achieved in the most condensed regime.
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Figure 3.16 Comparison of the spectral data (respectively frequency, half-width and
intensity of the asymmetric methylene stretching vibration) obtained for monolayers of
poly(octadecyl acrylate) ((A), (C), (E)) and poly(octadecyl methacrylate) ((B), (D), (F)) at
the air-water interface and 19.4°C.
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On the basis of the frequency and half-width values in the case of PODA, the
invariance in band intensity with surface coverage between approximately 55 and 35
AVmonomer unit indicates the presence of ordered domains or islands. These domains
may have been formed right after spreading the monolayer on water and evaporation of the
solvent. The compression process may thus correspond to the aggregation of these
domains to form a continuous film at which point the surface pressure first rises (Figure
3.17 (A)). On further reducing the area, the alkyl chains within the domains start to
rearrange and the order is increased. Similar conclusions have been reached from results of
ellipsometry experiments34 at the air-water interface and electron diffraction datai.2 of
transferred saturated fatty acids monolayers, where the coexistence of liquid-condensed
crystalline domains in a gaseous ambient phase for chain lengths > C,^ were observed
directly after spreading at large molecular areas and liquid-expanded phases were absent.
In case of the PODMA film compression, the progressive decrease in half-width and
continuous increase in band intensity associated to the asymmetric stretching vibration of
the alkyl chains suggest a progressive condensation of a dilute phase to a more coherent
phase (Figure 3.17 (B)). In this case, a substantial ordering of the alkyl chains is only
achieved after the close-packing of the polymer backbone.
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Figure 3.17 Schematic representation for the molecular aggregation process for (A)
poly(octadecyl acrylate) and (B) poly(octadecyl methacrylate).
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Two-Dimensional Mpltin^ Rehavinr
To examine the two-dimensional melting process, poly(octadecyl methacrylate) is
chosen instead of poly(octadecyl acrylate) because it shows a lower bulk melting transition
within reach for the Langmuir trough' s heating system but also because of the larger
temperature-induced spectral changes. In a first experiment, poly(octadecyl methacrylate)
is spread from chloroform on the water surface equilibrated at 8°C. After evaporation of
the solvent, the monolayer is compressed from a liquid-expanded state at -45 AVmonomer
unit to a more condensed state at a surface pressure of about 30 mNm ', as shown in Figure
3.18 (A). The monolayer is then allowed to relax at constant surface area until the surface
pressure equilibrates to -24 mNm ', value at which the pressure is stable within
experimental error. The temperature of the water subphase is then raised slowly to a value
of 34°C at a rate of ~0.2°C/min, and surface pressure and infrared reflectance spectra are
monitored simultaneously. The surface pressure change as a function of increasing
subphase temperature is shown in Figure 3.18 (B). A baseline correction of the surface
pressure data has been performed to account for the surface tension change of water as a
function of increasing temperature and for the fluctuation in the substrate level due to water
evaporation occurring on heating. The surface pressure remains quite stable upon raising
the temperature to about 15°C, then drops quite linearly at a rate of -0.6 mN(m.°C) ' as the
temperature is further increased. This suggests that, on raising the temperature, the strong
interaction forces between the side chains are slowly eliminated and liquefaction sets in.
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Figure 3.18 Surface pressure - area isotherm for a poly(octadecyl methacrvlate)
monolayer at the air-water interface at 8°C (A), and subsennent cnrf^,r^ nr.ccL. Jx
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As the subphase temperature is slowly increased from 8°C to ~15-16°C, which
corresponds to the surface pressure plateau in Figure 3.18 (B), no significant changes
the frequency position, bandwidth and band intensity of the asymmetric methylene
stretching vibration are noticeable (Figure 3.19). The frequency position at 2919.5
indicates that the alkyl side chains are in a fairly ordered molecular arrangement. Above
this temperature range to -20-2 1°C, the bandwidth monotically increases and the band
intensity slightly decreases (area or peak height) while the frequency remains constant.
These changes indicate the introduction of some gauche conformers into the alkyl chains
but also a slight tilt of the chains away from the surface normal. On further raising the
temperature, sharper changes are observed with both the frequency and bandwidth
simultaneously increasing and the band intensity dropping. Because the molecular chain
area occupied must be larger at elevated temperatures, some molecular desorption at high
subphase temperatures may occur, contributing to the band intensity drop. This may in
turn provide additional space for the chains to disorder.
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All these shifts are indicative of disordering and chain tilting that are developed
about 5-6°C below the melting transition observed for the PODMA "bulk" cast films
(section 3.3.2). This difference may be attributed to the crystallite size limited by the
thickness of the monolayer film (-30 A)i2,i9 prohibiting the formation of a lamellar
structure,35 but also to a difference in defect structure in the two specimens.'3 Another
explanation for this early onset of disordering may be the very slow heating rate used in
this experiment that may allow a more gradual molecular reorientation because of increased
mobility. Interesting is the high temperature frequency value obtained for the v^{Cn,)
vibration of only 1 cm ' higher than the low temperature one. This suggests that the
disordering within the quasi two-dimensional film is rather limited as opposed to that of
cast films. As higher temperatures are approached and the chain melting phenomenon is
evidenced by a disordering accompanied with a chain tilting of the alkyl side chains, these
changes are spatially limited by the rather condensed state. The monolayer film was indeed
compressed to a cross-sectional area equivalent to -23 per monomer unit, only about
15% in excess of the optimum packing area for long alkyl chains.29 The monolayer
compression at a low temperature and the effect of increasing the temperature on the
molecular arrangement can be illustrated as in the scheme of Figure 3.20.
Figure 3.20 Schematic diagram of the melting process in a long alkyl side chain-
containing polymeric monolayer at the air-water interface.
As expected for true phase transitions, all changes should be reversed when the
monolayer film is cooled down. Unfortunately, such a cooling experiment which might
take 2-3 additional hours to proceed is not experimentally possible. Too much water
evaporation during the heating step is already producing baseline drifts in both surface
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pressure and infrared measurements. Therefore, in a second experiment a new monolayer
film is spread directly on a water surface at high temperature.
The poly(octadecyl methacrylate) solution is spread on a water subphase
equilibrated at 32.6°C and the monolayer compressed to -26 AVmonomer unit (Figure 3.21
(A) ). The surface pressure does not noticeably change upon one hour relaxation time, but
decreases upon lowering the subphase temperature at a rate of ~0.2°C/min (Figure 3.21
(B) ). The frequency, bandwidth and band intensity of the asymmetric methylene stretching
vibration are plotted with' respect to the decreasing temperature in Figure 3.22. These
variables remain stable until a subphase temperature of ~22-23°C is reached. The
frequency position at about 2924 cm ' corresponds to the existence of a disordered phase,
the alkyl chains being in the melt phase. On further lowering the temperature, the
frequency position linearly decreases by almost 3 cm '. The bandwidth follows the trend of
the frequency shift with some discrepancy between 15-20°C and is reduced by 2-3 cm '.
Both shifts indicate a continuous decrease in the population of gauche conformers and
hence suggests a marked disorder-order transition (Figure 3.23). Simultaneously, the band
intensity increases linearly which is consistent with a chain tilting toward the normal of the
water surface. The onset temperature for this molecular reorientation occurs around 22°C.
As a molecular arrangement is evidenced when approaching lower temperatures, and
because on ordering the molecular chain cross-sectional area becomes smaller, a
condensation of the molecules into rather ordered domains may occur. These domains may
then freely rearrange on the water surface and their interactions diminish to the extent of
forming a discontinuous monolayer, hence explaining the surface pressure drop upon
cooling.
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Figure 3.21 Surface pressure - area isotherm for a poly(octadecyl methacrvlate)
monolayer at the air-water interface at 32.6°C (A), and subsequent surface pressure
changes upon lowering the subphase temperature (B).
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Figure 3.22 Frequency (full circles) and bandwidth (open circles) (A), and band
intensity (B) of the asymmetric CH2 stretching vibration on lowering subphase
temperature.
Figure 3.23 Schematic diagram of the ordering process in a long alkyl side chain-
containing polymeric monolayer at the air-water interface.
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3.4 Conclusion's
Changes in the lateral packing and conformational order of long alkyl chains at the
air-water interface have been directly examined during monolayer compression. In case of
poly(octadecyl methacrylate), the conformational order of the alkyl side chains is greatly
improved by compression and attains a fairly ordered state in the condensed film. For
poly(octadecyl acrylate), however, the molecules are found in a highly ordered state at all
surface areas examined, suggesting the presence of ordered domains even in largely
expanded monolayers. On heating a poly(octadecyl methacrylate) monolayer first
compressed at low temperature, spectral changes involving an alkyl chain tilting and tmns-
io-gauche transitions have indicated an order-disorder transition in the two-dimensional
film taking place about 5°C lower than in the bulk material. This phase transition is
reversible, since on cooling the monolayer formed at high temperature the molecular chains
order significantly.
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CHAPTER 4
INVESTIGATION OF THE RELAXATION BEHAVIOR IN LANGMUIR
MONOLAYERS
4.1 Introduction
Langmuir films at the air-water interface have long been believed to be in a true
equilibrium state. But monolayer instability,' hysteresis,23 and irreproducibilities^ in
surface pressure
- area isotherms have been observed for fatty acids and fatty alcohols
systems during dynamic compression - expansion cycles. These irregularities were shown
to depend on the rate of compression or expansion of the monolayer films,5-7 and on the
presence of surface pressure gradients.^ In many cases, surface pressure and surface
potential relaxations occur following the compression of monolayers. A rapid monolayer
compression is usually followed by a decay of the surface pressure or surface potential.
Sometimes, a short increase in the values right after cessation of the compression, known
as Marangoni effect,^-!' can be observed. In other words, when the compression rate is
greater than the relaxation rate of the monolayer system, the latter exhibits a relaxation
behavior after cessation of compression. Consequently, the surface pressures that are often
measured under dynamic conditions are not true equilibrium values. The shape of the
isotherms is determined by the balance between the relaxation times of molecular processes
in the monolayers during compression and the "time of observation" at the measurement.
Earlier studies have shown that inhomogeneities within monolayer films and the slow
structural and morphological rearrangement of the molecular chains on the surface of liquid
subphases in response to compressional stresses may be responsible for this time-
dependent phenomenon.^'' 2 The relaxation response demonstrates that residual stresses are
present in the film.
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stress relaxation measurements have often been utilized to determine the mechanical
properties and structures of polymeric bulk materials. The relaxation response to an
applied constant strain has been shown to depend on several parameters such as sample
history, crystallinity, molecular weight, sample orientation or temperature. 1 3 Several stress
relaxation studies have been performed on two-dimensional monolayer films of fatty
acids,2.5,i4 fatty alcohols,6 phospholipids, 15 and polymersi6-i8 to provide such
information. A viscoelastic Maxwell model has been occasionally applied to correlate with
the dynamic behavior of the monolayers and characteristic relaxation times have been
defined. These relaxation times are associated with the amount of relaxation after cessation
of compression and believed to depend on the rheological properties of the monolayer and
liquid subphase such as the monolayer elasticity and subphase bulk viscosity. '2
Nucleation of two-dimensional domains as well as the organization of packing defects and
the conformational rearrangement of molecules have been tentatively interpreted as factors
participating in the relaxation processes. The microscopic nature of these relaxations has
not been well understood until, for the first time, a microscopic relaxation mechanism in
monolayers of heneicosanol was identified using X-ray reflectivity at the air-water interface
as a change from a pseudo-hexagonal to a hexagonal structure. 19 Later on, an infrared
reflectance study showed evidence of collective molecular tilt differences in the structures
of relaxed and unrelaxed heneicosanol monolayers.^o
In this chapter, we have examined the time dependence of monolayer surface
pressures at constant cross-sectional areas for vinyl comb-like polymer systems. This type
of polymer system was chosen because of the large flexibility of the long side chains. The
relaxation behavior associated with the polymer backbone and side chains is investigated up
to and beyond the collapse region of the surface pressure - area isotherms using the external
reflectance infrared spectroscopy technique in an attempt to elucidate the molecular
processes associated with the formation and collapse of monolayers. This type of
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investigation may be used to reduce undesirable viscoelastic behaviors in Langmuir-
Blodgett fihiis lor potential use where long-term stability is important. Also, because of
their self-organizing behavioral and side chain crystallization,22-24 comb-like polymers
with long side chains are of particular importance as polymer surfactants, surface modifiers
and liquid-crystalline polymers.
Theoretical Framework for Describing Dvnamir and Rg nilibrinm ^..rf-.^o.
Pressures
The concepts of three-dimensional rheology can be applied to two-dimensional
surface rheology in order to study the deformation and flow of material at an interface
under an applied stress. Most of the monolayer films at air-liquid interfaces exhibit both
elastic and viscous behaviors. A rheological model composed of an arrangement of springs
(elastic contribution) and dashpots (viscous contribution) may be used to describe the
viscoelastic response to an applied compressional or elongational stress, hi order to
describe the dynamical response of a Langmuir film to the mechanical stress of a
continuous compression (expansion), the two-dimensional rheological model shown in
Figure 4.2 (B), which consists of an equilibrium part and a nonequilibrium pari, has been
used. '6.1V The two branches of the model are coupled in parallel, which corresponds to
the addition of stresses. The experimental arrangement is schematically illustrated in Figure
4.1.
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Ub Ub
Figure 4.
1
Schematic illustration of the experimental device (U,velocity of the
compression barriers; W„ x L^, initial surface area of the monolayer).
The total surface pressure change (Figure 4.2 (C)), An = 7c(t) - ti, measured during
the time T of the monolayer compression with a constant velocity and followed by a
relaxation, can be described by the sum of one equilibrium contribution, Ak^, and one
nonequilibrium contribution (Figure 4.2 (D)), An
,
such as,
Att = Atc^ + Atine (4.1)
The equilibrium contribution, An^, is related to the equilibrium surface dilatational elasticity
E„ such that,
An,
Ubt
Ao (4.2)
where = W^Lg is the initial surface area before compression and U^t/Ao = AA/A^ is the
corresponding strain (Figure 4.2 (A)). The nonequilibrium contribution, Atu^,, or
viscoelastic behavior is associated with the dissipation of accumulated energy during
compression. This dissipation of energy via expulsion or rearrangement of molecular
segments occurs during both compression and relaxation and is well described by the
Maxwell's viscoelastic equation,
ATtne =
—K^0 (1 -e ) (4.3)
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where t is the specific relaxation time. This viscoelastic behavior
lower branch of the mechanical model in Fi
is represented by the
gure 4.2 (B). From Equations (4.1), (4.2) and
(4.3), the viscoelastic behavior of the monolayer film can be then written as,
-Ao = Ee + B„,-(l-e-'^^)
(4.4)
A Ubt
B Maxwell-Voigt Model
Ee
T
I
An,
V
compression ^ relaxation
Figure 4.2 Rheological (Maxwell-Voigt) model,
T X a time
The characteristic relaxation time t can be obtained from experimental
measurements when the compression time T is much smaller than the relaxation time x.
The exponential decay of the surface pressure during relaxation (relative relaxation) obeys
then the following equation.
7C(t)-7l<
= e
-t/T
(4.5)
where tTq is the initial surface pressure at the end of the compression step, k„ is the
equilibrium surface pressure, K^^^ is the surface pressure at some time t during relaxation
The relaxation time x is thus defined as the time after which the surface pressure has
dropped to 7i„
1
(4.6)
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pressure
corresponding to 1/e (i.e. 37%) of the difference between the initial surface
after stopping the compression to a constant area and the surface pressure when
optimum arrangement of the film molecules is reached.
In the following, attempt will be made to relate the surface pressure relaxation and
characteristic times, as measured by surface tensiometry, to any molecular structural
changes that can be recorded using the external mfrared reflectance spectroscopy technique.
Restructuration effects and kinetics of packing defects that may be responsible for the
relaxation behavior have been considered.
4.3 Experimental Section
Atactic poly(octadecyl acrylate) (PODA) (MW^^^ = 65,000) and poly(maleic
anhydride-alt- 1-octadecene) (PODcMA) (MW^p, = 50,000) were purchased from Scientific
Polymer Products and Aldrich Chemical respectively, and used without further purification
(Figure 4.3).
— CH,—
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CHjCCHj)!^
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CH,-CH-CH- CH-
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Figure 4.3 Chemical structures of poly(octadecyl acrylate) (left) and poly(maleic
anhydride-alt- 1 -octadecene) (right).
Solutions were prepared in chloroform (99.0%, Fischer Scientific) at 0.1-0.5
mg/ml and stored at 5°C. The solutions were allowed to equilibrate at room temperature
before use. Unpolarized Fourier transform transmission infrared spectra of films of PODA
and PODcMA cast from solution onto polished KBr discs (Figure 4.4) were obtained using
a FT-IR Bruker Model 1 13 spectrometer equipped with a liquid nitrogen-cooled narrow-
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band mercury-cadmium-tellunde (MCT) detector by coadding 1024 scans with a 2 cm-
resolution. Snyder and co-workers have demonstrated that in long hydrocarbon chains the
frequencies of the methylene stretching vibrations can be used to monitor the
conformational order, i.e. the trans/gauche ratio of the chains.25-27 Lower frequencies,
around 2918 cm ' for the asymmetric v,(CH,) methylene stretching vibration and around
2850 cm-' for the symmetric v,(CH,) methylene stretching vibration, are characteristic of
highly ordered all-trans conformations while the number of gauche conformers increases
with increasing bandwidths and frequencies, in the ranges of 2924-2928 cm ' and 2852-
2856 cm ' for the respective vibrations.26,28 jhe infrared spectrum of cast poly(octadecyl
acrylate) shown in Figure 4.4 (A) thus indicates a high degree of order within the alkyl
chains while the spectrum of cast poly(maleic anhydride-alt- 1
-octadecene) in Figure 4.4 (B)
is characteristic of largely disordered methylene chains.
Details concerning the monolayer preparation and experimental procedures have
already been described in Chapter 2, section 2.4.2, and more specifically for
poly(octadecyl acrylate) monolayers in Chapter 3, section 3.2.2. In all cases, after
spreading the solutions on the surface of the Langmuir trough filled with deionizedwater,
the solvent was allowed to evaporate for about 1 hour. After solvent evaporation and
equilibration of the polymer film, slow compressions of the monolayers to the desired
surface concentrations were performed at the constant rate of 3.0 cm^min"'. A standard
stress relaxation experiment at the air-water interface consisted in recording the surface
pressure during both compression and relaxation under constant temperature conditions. It
was important that the Wilhelmy plate was maintained perpendicular to the compression
direction and positioned far enough from the compression barriers to avoid any surface
pressure gradient effect on the results. Simultaneously, external reflectance infrared spectra
were collected while compressing and later during the relaxation period. All infrared data
was obtained with an s-polarized infrared beam such as was done in Chapter 3. Typically,
the surface area between the compression barriers could be held constant over 1 hour after
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the compression step had ceased without any noticeable changes in water level, humidity or
fluctuation in infrared energy. A fully relaxed surface pressure value (steady-state
relaxation) may not be always achieved within this short time period of 1 hour. Also, loss
of film via dissolution should be negligible under the experimental conditions.
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Figure 4.4 Fourier transform transmission infrared spectra of poly(octadecyl acrylate)
(A) and poly(maleic anhydride-alt- 1-octadecene) (B) at room temperature.
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4-4 Results and Discussion
4-4.1 Surface Pressure Measnrpmpnfc
PolvrOctadecvl Acrylatp)
In a first set of experiments, poly(octadecyl acrylate) monolayers, after spreading
on the water surface and solvent evaporation, are successively compressed at the constant
rate of 3.0 cm^min ' to given surface areas (discontinuous compression) where the films
allowed to relax for a fixed period of time of 15 minutes. We note that equilibrium values
for the surface pressures can not be achieved within this short period of relaxation time. In
a second set of experiments, poly(octadecyl acrylate) monolayers are continuously
compressed at the same rate of 3.0 cm^min ' to various cross-sectional areas and the surface
pressure is allowed to relax to some pseudo-equilibrium value for at least one hour. Again
in this case, a complete surface pressure relaxation is not achieved after 60 minutes
following the compression, a true surface pressure equilibrium value would probably need
many hours of relaxation.
Figure 4.5 illustrates a typical surface pressure - area isotherm obtained by
discontinuous compression at room temperature (19.4°C). The relaxation of the surface
pressure during the 15-minute static period is clearly visible. Two distinct domains can be
distinguished, one where the pressure decay is increasing from large molecular areas up to
about 27 AVmonomer unit, the second where the magnitude of the pressure decay is
decreasing towards the smaller molecular areas. The extent of the relaxation after each
compression step is shown in Figure 4.6, where the ratio of the surface pressure at a
given time to the surface pressure Oq immediately after the end of the compression step is
plotted as a function of relaxing time. After each compression step the surface pressure
decreases in an exponential form. The magnitude of the relaxation increases when the film
is compressed from expanded molecular areas down to -27 AVmonomer unit where it
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reaches its maximum value (curves for areas > 27 AVmonomer unit are not represented in
Figure 4.6 for clarity) and decreases as the film is further compressed « 27 AVmonomer
unit). There is little relaxation prior to or beyond the collapse of the monolayer at -20
AVmonomer unit where the surface film compressibility is the lowest.
=3
CO
20 25 30 35
Area per Monomer Unit (AVunit)
40
Figure 4.5 Surface pressure change of a poly(octadecyl aerylate) monolayer upon
discontinuous compression.
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Figure 4.6 Extent of surface pressure relaxation (discontinuous compression),
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For the continuous compression experiment, a series of five monolayer
compressions to cross-sectional areas between approximately 25 and 20.3 per monomer
unit are performed at a compression rate of 3.0 cmVmin. The compression of all
monolayers is started around 60 per monomer unit. Each set of data is obtained by
stopping the compression only once during the first compression of freshly spread
poly(octadecyl acrylate) monolayers and recording the surface pressure during both the
compression and relaxation periods (Figure 4.7). An exponential decay of the surface
pressures is observed during the relaxation periods. The relaxation response during the
relaxation steps is illustrated in Figure 4.8, where the ratio of the surface pressure n, at a
given time to the initial surface pressure is plotted against the relaxation period. This
ratio decreases with increasing time as the surface pressure decays. Like in the
discontinuous compression experiment, the initial surface pressure Yl, seems to influence
the amplitude of the pressure decay, which is decreasing with increasing initial surface
pressure. Since the extent of the relaxation is related to the difference between the initial
dynamic pressure and the pressure at long times, the rest of our investigation will concern
monolayers compressed only once at a constant rate.
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Figure 4.7 Surface pressure change during compression and relaxation steps,
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Figure 4.8 Exlenl of surface pressure relaxation (continuous compression).
PolvrMaleic Anhvdridc-alt-l
-Octadecenc.)
Figure 4.9 illustrates the surface pressure - area isotherm obtained for poly(malcic
anhydride-alt- 1
-octadecene) by continuous compression at room temperature ( 1 9.4"C).
This isotherm is of a more expanded (ype compared to the one of poly(octadecyl acrylate)
shown in Chapter 3 (Figure 3.9). This is due to the presence of a wider spacer between
consecutive alkyi side chains in the former material. After cessation of compression at
various inilial surface pressure values n^,, a surface pressure decrease can only be measured
lor the highest values, while for inlermediate or lower values of n„ the surface pressure
remains rather stable or even slighlly increases (l-igure 4. 10). In Ihe high-pre.ssure region,
the material behaves viscoelaslically while it is clastic in the low-pressure region.
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Figure 4.9 Surface pressure - area isotherm of a poly(maleic anhydride-alt-
1
octadecene) monolayer at the air-water interface.
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Figure 4. 10 Surface pressure change after cessation of compression.
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4.4.2 Characteristic Relaxation Times
To obtain a quantitative measure of the relaxation rate, the time dependence of the
surface pressure following each monolayer compression is fitted to Equation (4.5). The
logarithm of the relative pressure relaxation is then plotted versus time as in Figure 4.7 and
used to determine the characteristic relaxation times at room temperature for various initial
surface pressures n^. It appears that the experimental data points shown in Figure 4. 11
diverge from a straight line for the low relaxation time period, which can be explained by
the presence of several relaxation processes. However by considering a short-term
pressure relaxation within 5 minutes after cessation of the compression and a long-term
relaxation between 5 and 60 minutes after compression, linearization of the data is readily
obtained (insert in Figure 4. 1 1 ). Characteristic relaxation times x are then calculated from
the slopes of each plot. The relaxation times are found to increase continuously for
relaxations carried out at decreasing molecular areas or increasing initial surface pressures
Oq (Figure 4.12). The short-term characteristic relaxation times are found to lie between ~3
to 5 minutes while the long-term characteristic times lie between -20 to 40 minutes. The
increase in the relaxation time prior to collapse may indicate that crowding of the molecules
diminish the ability to relax rapidly.
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Figure 4. 1 2 Characteristic relaxation times at short-term (open circles) and long-term
(filled circles) periods of relaxations as a function of initial surface pressure.
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4-4.3 External Reflectance Tnfr^^md Measnrempnt^.
PolvrOctadecvl Acry lntp)
External reflectance infrared measurements (Figure 4.13) are carried out while
continuously compressing the poly(octadecyl acrylate) monolayers at the air-water interface
and during the relaxation steps that follow. The frequencies of both symmetric and
asymmetric methylene stretching vibrations are in particular monitored since it is well
known that these vibrations are conformation sensitive (see Chapter 3). The frequency of
the symmetric methylene stretching vibration shifts typically from 2855 cm ' in a disordered
state to about 2849 cm ' for an all-trans alkyl chain, while the frequency of the asymmetric
methylene stretching vibration shifts from 2924 to 2916 cm-'.26 Upon compression of
poly(octadecyl acrylate) monolayers, the frequency positions of both the asymmetric and
the symmetric stretching vibrations are slightly shifted to lower values. The former
vibration shifts from 2918.7 to 2917.8 cm ' and the latter shifts from 2851.2 to 2850.8 cm"
' from large cross-sectional areas up to monolayer collapse. The frequency decrease as a
function of decreasing molecular area is thus consistent with a continuous reduction of a
gauche defect concentration. Although the overall frequency shifts are small, they exactly
follow the surface pressure rise between -34 to 17 AVmonomer unit. The methylene
stretching bands become also sharper upon compression with the width at half peak height
decreasing from about 14.5 to 13.8 cm"' for the asymmetric methylene stretching.
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Figure 4. 1 3 External reflectance infrared spectra of poly(octadecyl acrylate) monolayers
at the air-water interface compressed at different cross-sectional areas.
In Figures 4. 14 and 4. 15, the frequency positions and the widths at half peak
height of the asymmetric methylene stretching vibration during the compression - relaxation
steps are represented for several monolayer compressions to equal to 14.5, 18, 41.5 and
64 mNm '. In Figure 4. 16 are also represented the band intensities of this same vibration
for the monolayer compression to 41.5 mNm '. Upon relaxation, the frequencies slightly
increase (within experimental error however) in the first few minutes after the compression
step and basically remain constant at least during the one hour relaxation period. In case of
the widths at half peak height, small increases of about 0.2-0.3 cm ' slowly occurring
during relaxation are recorded. In addition, slight decreases in band intensity are observed.
All these observations may indicate a small conformational disordering with the
introduction of some gauche species, providing that loss of monolayer by dissolution into
the subphase does not occur. In addition, the decreasing band intensities (s-polarized data)
obtained at constant molecular areas may indicate that a slight change in tilt orientation of
the alkyl side chains away from the vertical may be responsible for the surface pressure
relaxation.
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Figure 4. 1 4 Frequency position (filled circles) and half-width (open circles) of the
asymmetric methylene stretching vibration: (A) Uq = 14.5 mNm"'; (B) = 18 mNm '.
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Figure 4. 1 5 Frequency position (filled circles) and half-width (open circles) of the
asymmetric methylene stretching vibration: (C) Oq = 41.5 mNm"'; (D) = 64 mNm '
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Figure 4. 1 6 Band intensity of the asymmetric methylene stretching vibration during
relaxation time for Uq equal to 14.5, 18, 24, 41.5, and 64 mNm"' (from top to bottom).
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Polv(Maleic Anhvdride.-^l t- 1 -OctaHerenp)
In Figure 4. 17 are shown the results obtained for a surface pressure relaxation
experiment for a poly(maleic anhydride-alt- 1
-octadecene) monolayer when compressed to
several initial surface pressures. Unlike poly(octadecyl acrylate), no particular trend is
observed regarding the frequency, band width and band intensity of the asymmetric
methylene stretching vibration which might explain the surface pressure changes during
relaxation.
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Figure 4. 1 7 Frequency (A) and band intensity (B) of the asymmetric methylene
stretching vibration measured as a function of relaxation time for poly(maleic anhydride-alt-
1-octadecene) monolayers compressed to 9, 15, 27, 41, 48, and 50 mNm"' (from top to
bottom).
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4.5 Conclusions
A Maxwell model has been used to correlate the dynamical behavior of
poly(octadecyl acrylate) monolayers spread at the air-water interface and the application of
Equation (4.5) gives results of two characteristic relaxation times rather than one. The
lower values of characteristic relaxation time may represent the strong interaction between
the alkyl side chains and their possible reorganization after compression, whereas the
higher values may characterize a more global reorganization of packing defects within the
monolayers. In other words, the relatively small relaxation times obtained immediately
after compression seem to imply that the decreasing surface pressure may be first due to the
rearrangement in molecular structure and chain orientation, whereas the larger relaxation
times could be attributed to the uniformization and redistribution of the entire system.
When monitoring infrared reflectance data of the monolayers at the air-water interface and
studying both the asymmetric and symmetric methylene stretching vibrations known to
reflect conformational order and conformational distribution, only slight changes in
frequency position, bandwidth or band intensity are found. External reflectance infrared
spectroscopy may not be the adequate technique to relate the surface pressure changes to
segmental or molecular reorientations and restructurations that probably occur during the
relaxation phenomenon.
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CHAPTER 5
STRUCTURAL CHARACTERIZATION OF SYNTHETIC POLYPEPTIDE
MONOLAYERS AT THE AIR-WATER INTERFACE
5. 1 Introduction
5.1.1 Motivations
The primary aim of this study is to establish the secondary structures of several
synthetic polypeptides confined in quasi two-dimensional ultrathin films at the air-water
interface. The structures and conformational stabilities of polymer chains geometrically
constrained to such an interface may be expected to differ from those in the bulk state.
Although the conformations of polypeptides and native proteins in solution or in the solid
state have been extensively studied,
'
^ little is known about the structures within monolayer
films at the air-water interface, where specific interactions with the polar aqueous phase
may result in different equilibrium microstructures. Several early studies have suggested
that the polypeptide chains could not retain the a-helical structure at the air-water interface,
but instead existed in an extended conformation.^ Yet, more recent studies have shown the
presence of ordered arrays of a-helices in transferred collapsed monolayer films, the helical
conformation being either already formed in the spreading solvent^-'^ or pressure-induced
during monolayer compression. "-'^
Different secondary structures for various polypeptides and proteins in the bulk
state are displayed in the conformational map of Figure 5. 1 , which represents the areas of
allowed and forbidden conformations in the plane of the two dihedral angles, O and 4^, as
defined in Figure 5.2. It is found that there are whole regions of forbidden values for O
and 4^ owing to the possible short contacts between the atoms in adjacent residues. The
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demarcadon of the fully allowed (full Hnes) and outer lin.it regions (dotted Unes) detailed i
this conformational map are adapted from Ramachandran.14,15 Table 5.1 lists the
rotational angles for several regular structures, such as the extended structure, the a-helix
which is characterized by a hehx havmg a 3.6-fold screw axis with an axial translation of
1
.5 A, or the co-helix having an exact four-fold screw axis and an axial translation of 1 .33
360»
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®
silk (2.0)
collagen (3.3)
a - helix (3.6)
CO - helix (4.0)
n - helix (4.4)
Y - helix (5.1)
18Cr 360»
Figure 5. 1 Conformational map for various polypeptide structures. The locations of
the right- and left-handed a-helices and co-helices are denoted by and a, , and co^ and co,
respectively.
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Figure 5.2 Representation of two peptide residues linked at an a-carbon atomRotation around the N-C„ bond is denoted by O, rotation around the C„-C bond by ^.
Angles of rotation for some regular structures. '4,17,1
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Structure
Fully extended chain 0°
Right-handed a-helix 132° 123°
Left-handed a-helix 228° 237°
Left-handed co-helix 245° 235°
Parallel-chain pleated sheet 61° 293°
Antiparallel-chain pleated sheet 38° 325°
Polyglycine II 100° 330°
Collagen -120°
-340°
Silk 40° 315°
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The different conformations assumed by a particular polypeptide can be computed
from a set of energy functions contributing to the expression of the total energy of the
system (polypeptide plus solvent) 14,18 Intramolecular contributions to the total energy
include torsional barriers to internal rotation about single bonds, non-bonded interactions,
electrostatic interactions, hydrogen bonding, bond stretching, bond angle bending, and
torsion about the peptide bond. Intermolecular contributions include specific solvent-
polypeptide interactions. To obtain the conformations of lowest energies, the total energy
arising as a balance between the various energy components is minimized with respect to
the dihedral angles of the backbone but also with respect to the dihedral angles of the side
chains. The equilibrium conformation of the polypeptide is the one of highest statistical
weight obtained by minimizing the potential energy and the free energy of solvation, and
maximizing the conformational entropy.
It has been observed that most of the a-helical synthetic polypeptides of L-residues
in the bulk state are stable in the right-handed a-helical (aj conformation rather than in the
left-handed (aj one.i4,i9,20 in ^lany calculations, the favored helical form (i.e. right- or
left-handed) is only lower in energy by a few tenths of a kilocalorie per mole per residue
than the form of opposite screw sense. Although energy considerations alone may be
adequate to determine the relative stabilities of regular helical structures in the solid state,
entropic effects may be of importance when the molecules are dispersed in solution or
constrained at an interface. The entropic contribution can even offset the energy
contributions to the extent of reversing the helical sense. Moreover, if the two helical
forms are only marginally different in stability, for instance in the intermediate stages of a
helix - coil transition, there may be presence of both right- and left-handed helices, even
though the molecules form the helix of the favored sense in a helicogenic solvent at low
temperature. This suggests that the relative stabilities of polypeptide secondary structures
in the submonolayer, monolayer or multilayer states of an ultrathin film constrained at some
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interface may be very different from those calculated by the usual conformational analysis
for isolated (single-stranded) macromolecules performed in vacuum.
To mvestigate the effect of apolar / polar mterfaces on the secondary structures and
properties of polypeptides and proteins, we have studied the conformations of several
synthetic polypeptides including poly(L-alanine), poly(L-valine), poly(P-benzyl L-
aspartate), polyCy-benzyl L-glutamate), and polyCy-methyl L-glutamate) at the air-water
interface and compared these conformations to those of the bulk state. Numerous studies
have already shown that these polypeptides may take different secondary structures in the
bulk phase, from random coil to helical or extended structures, depending on the
environmental conditions. The next section (section 5.1.2) of this introductary part
provides some background on the known stable conformations of the bulk state and in
deposited Langmuir-Blodgett films for the synthetic polypeptides studied here.
Only the effect of spreading solvent composition, and thereby of the conformation
in solution, on the shapes of surface pressure - area isotherms for some polypeptide
monolayers has received some attention.21 ,22 indeed, a direct measurement of the
arrangement and conformational nature of polypeptides at the air-water interface is lacking
in prior art. Results obtained from dried transferred films may not accurately reflect the
actual film structure in the presence of water, and the structures may be further modified by
specific interactions with the chemical composition or surface roughness of the substrate.
One of the few techniques that can establish the structure and conformational state of these
materials in situ is reflectance infrared spectroscopy that uses the conformationally sensitive
amide bands2.23-25 to provide information concerning both intra- and intermolecular
geometries. Moreover, the shapes of surface pressure - area isotherms can provide
additional information on the packing densities for different side chain flexibilities, and on
the nature of specific interactions of the monolayers with the liquid substrate.
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The question of whether different conformations are formed immediately after
spreading from solutions on the surface of water and are stable throughout the compression
process, or whether these conformations are pressure-induced by slowly compressing the
surface films remains so far unanswered. The main issues considered in this chapter can
be summarized as follows: (1) Which conformations are present in the monolayers of each
polypeptide type at the air-water interface ? (2) Do different types of surface pressure - area
isotherms reflect intrinsically different conformations in the polypeptide monolayers ? (3)
Does the lateral compression or mechanical collapse of a Langmuir monolayer at the air-
water interface alter the molecular chains from their initially spread conformation ? (4) Do
the helical polypeptides arrange in any preferred orientation on the surface of the liquid
substrate ?
5.1.2 Background
Poly(L-alanine) is known to form right-handed a-helices (3.6,3 helix) in the solid
state26 or in chloroform solutions.27 Conformational analysis studies have demonstrated
that the right-handed a-helix of poly(L-alanine) is indeed slightly more stable than the left-
handed form by only -0.4 kcal/mole residue. Under normal circumstances, this energy
difference, however, is sufficiently large to stabilize the right-handed form for molecular
chains longer than 10-20 residues.20-26 stable monolayers have been produced on the
surface of water and, after deposition onto solid substrates, monolayer and multilayered
Langmuir-Blodgett films were found to exist in this same a-helical conformation.28
Poly(L-valine) adopts the p-conformation in the bulk state29-3i as well as in
Langmuir-Blodgett films first spread on water.28,32 Although conformational
calculations^o and certain solution data^^ have demonstrated that poly(L-valine) may form
a-helices, all infrared29.30 and Raman^i data indicates that helices cannot be formed easily
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because of the steric hindrance arising from branching on the 3-carbon atom of the side
chain. 29
For the other three samples, there are conformational differences between the bulk
state and the transferred Langmuir-Blodgett films prepared from the air-water interface.
Poly(P-benzyl L-aspartate) and poly(3-methyl L-aspartate) are quite unusual in that their a-
helix conformation is left-handed in both the solid stateio,34 and in chloroform or
trifluoroethanol solutions.34.35 in the case of poly((3-methyl L-aspartate), the left-handed
a-helix was determined to be more stable than the right-handed a-helix by the extremely
small value of 0.1 kcaVmole per residue. 1 8.20.36 whereas the non-bonded energy would
favor the right-handed form, the interaction between the dipole of the ester group of the
side chain and that of the amide group of the backbone is more repulsive in the right-
handed than in the left-handed a-helix, thereby destabilizing the right-handed form. 19,37
However, from measurements of electron diffraction and infrared absorption, Malcolm
reported the presence of right-handed a-helices in dried collapsed LB films of high
molecular weight poly(P-benzyl L-aspartate) that were removed from the surface of
water.3839 Changes in specific interactions of the polypeptide with the aqueous
environment were suggested to explain these conformational differences.36,40 Malcolm
also postulated the existence of right-handed a-helices in the poly((3-benzyl L-aspartate)
Langmuir films present at the air-water interface, either formed immediately after spreading
of the solutions on the surface of water or pressure-induced during monolayer
compression.39 Unfortunately, the experiment did not firmly establish the presence of
right-handed a-helices in Langmuir films at other surface pressures than that required to
collapse the films. The circumstances in which right-handed a-helices formed remain so
far speculative.
By contrast, the insertion of a CHj group in the ester side group of either poly(Y-
benzyl L-glutamate) or polyCy-methyl L-glutamate) alters the relative orientations of the side
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chain and backbone dipoles so as to lead to a stronger stabilization energy for the right-
handed a-helix in the bulk state.19,20 jhe right-handed a-helix of polyCy-methyl L-
glutamate) is favored by 0.4 kcal/mol per residue with respect to the left-handed form.
Poly(Y-methyl L-glutamate) is known to form an a-helical structure m helicogenic solvents
such as m-cresol and chloroform 4 1,42 while presence of pyridine strongly decreases the
helicity thus introducing some disordered conformation.9 When monolayer films were
formed on water from these two types of solvent and collapsed films were removed from
the liquid surface, it was found that chloroform-rich spreading solutions gave rise merely to
the a-helical conformation,9.43 while pyridine-rich spreading solutions gave rise to the P-
sheet conformation.9.21,44 jhe partial conversion to the P-structure in the monolayer films
with use of pyridine solvent suggests that all helical regions may not have the same
stability. The effect of molecular weight on the helical stability in such polydisperse
systems has thus been under investigation. Transmission infrared data obtained for high
molecular weight (M^ > 30,000) poly(Y-benzyl L-glutamate), polyCy-benzyl L-aspartate),
and poly(Y-methyl L-glutamate) in chloroform or methylene chloride solutions showed
features associated with helices,34,45 ^hile lower molecular weight samples exhibited a p-
structure or intermediate structures of mixed a- and p-forms.39.46-48
5.2 Experimental Section
5.2.1 Materials
The chemical structures of the five poly(amino acids) studied in this chapter and
shown in Figure 5.3 share an identical backbone but different side chain compositions and
lengths. These polymers were purchased from Sigma and used as received. The molecular
weights were: poly(L-alanine) (PAla), = 24,600; poly(L-valine) (PVal), = 9,500;
poly(Y-methyl L-glutamate) (PMLG), = 37,200 and = 307,000; poly(Y-benzyl L-
glutamate) (PBLG), = 26,000; and poly(p-benzyl L-aspartate) (PBLA), = 39,000.
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The molecular weights were determined by gel permeation chromatography in
tetrahydrofuran using polystyrene standards.
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Figure 5.3 Chemical structures of the five synthetic polypeptides. From top left tobottom right: poly(L-alanine), poly(L-valine), poly(P-benzyl L-aspartate), poly(Y-benzyl L-
glutamate), and poly(Y-methyl L-glutamate).
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The solvents used for spreading the monolayers on the water surface were used as
received. Poly(L-alanine) solutions were prepared from a 97:3 (v/v) mixture of chloroform
(99.0+%, Fisher Scientific) and dichloroacetic acid (DCA) (99.0+%, Fisher Scientific) at
0.15 mg/ml PAla, as well as in pure trifluoroacetic acid (biochemical grade. Fisher
Scientific) at 0.35 mg/ml PAla. Solutions of poly(L-valine) in pure trifluoroacetic acid
(0.24 mg/ml) were used. The solutions of poly(Y-benzyl L-glutamate), poly(p-benzyl L-
aspartate), and poly(Y-methyl L-glutamate) were all prepared from a 99: 1 (v/v) mixture of
chloroform and dichloroacetic acid at -0.25 mg/ml concentration. To assure complete
solubilization of the polypeptides, each sample was first dissolved in dichloroacetic acid,
then chloroform was added. The solutions were stored at 5°C and allowed to equilibrate at
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room temperature before use. Distilled water was further treated by filtration through a
Milli-Q purification system to give deionized water of nominal resistivity 18.2 Mncm '.
5.2.2 Instrumentation and MpthnH>;
After spreading the different polypeptides from helical promoting (chloroform) or
random coil promoting (dichloroacetic acid or trifluoroacetic acid) solutions on an aqueous
substrate and solvent evaporation, the surface pressure - area isotherm for each insoluble
polypeptide was recorded and the monolayer structural properties directly related to
changes in the external reflectance infrared spectra measured simultaneously. The
measurements were performed using the setup already described in Chapter 2.^9 Details
concerning the monolayer preparation and experimental procedures can be found in section
2.5.2 of Chapter 2. Particular care was taken in monolayer film formation with
trifluoroacetic acid solutions in order to avoid loss of the polypeptides from the air-water
interface due to the solubility of trifluoroacetic acid in the aqueous subphase. The
temperature of the aqueous subphase was maintained constant at 20 ± 0.2°C using the
refrigerated bath circulator. Continuous compression of the monolayers were performed at
the constant compression rate of 3.0 cm^min '. The infrared beam was brought to a focus
at the air-liquid interface at a 30° angle of incidence and was s-polarized. The infrared data
was obtained in the mid-infrared region by coadding 512 scans at 4 cm"' resolution.
Figure 5.4 illustrates a typical external reflectance infrared spectrum obtained for a
poly(p-benzyl L-aspartate) (M^ = 39,000) monolayer at the air-water interface, at room
temperature and a surface pressure of 42 mNm '. A delicate technical problem is the
elimination of interferences from water vapor vibrational bands that absorb strongly in the
region of the infrared spectra that is most sensitive to the polypeptide secondary structure,
namely the amide I and amide 11 spectral regions in the range of 1500-1700 cm"'. A careful
humidity control above the surface of water is achieved by slowly flushing nitrogen gas
into the trough compartment. The infrared data shown here was not smoothed and shows
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only residual water vapor n„c.uatio„s. The shift in the baseline around 1650 cm ' is caused
by .he strong change in the refractive index of liquid water in this spectral region. Another
remarkable feature is the large upward band in the 3000-3700 cm ' region arising from the
O-H stretching vibration of liquid water that is probably caused by the restructuratton or
displacement of water molecules from the interface as the polypeptide surface density
increases upon monolayer compression.
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Figure 5.4 Infrared external reflectance spectrum of a poly(P-benzyl L-aspartate)
monolayer at the air-water interface.
Substrates for transmission FT-IR (unpolarized) experiments were polished calcium
fluoride discs and measurements were made using a FT-IR Bruker Model 1 13 spectrometer
equipped with a liquid nitrogen-cooled wide-band mercury-cadmium-telluride (MCT)
detector by coadding 512 scans at 2 cm ' resolution.
Circular dichroism (CD) spectra were recorded using an Aviv 62DS CD
spectrophotometer. A rectangular quartz liquid cell and quartz plates with 1 and 0.01 rnm
pathlengths respectively were used for the CD measurement of polypeptide solutions. The
temperature was maintained constant at 22°C using a refrigerated bath circulator.
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5.3 Results and Discussion
^•^•1 Molecular Conformation the Air-W;^te.r TntPrf...
Characteristic amide vibrations for analyzing polypeptide conformation have been
previously identified (Table 5.2).23,50,5i jhe amide I band (mostly C=0 stretching)
between 1600-1700 cm ' and the amide II band (skeletal bendmg and C-N stretching)
around 1500-1580 cm ' have been particularly useful in identifying the presence of
disordered chains, a-helical, and parallel or antiparallel extended p forms. It has been
shown that amide I and amide H bands at approximately 1655 cm ' and 1545 cm '
respectively, are indicative of the a-helical conformation,31 while a weak shoulder around
1690 cm ' together with bands around 1630 cm ' and 1530 cm ' are assigned to the p-
structure (Table 5.3).25,52 Also, it has been suggested that the amide I and amide II
absorption coefficients are approximately the same for the a- and (3-structures. Therefore,
if several conformations coexist, an estimate of the a- and (3-content can be made by taking
the ratio of optical densities of the a and |3 bands. However, in cases where the a-helical
conformation and the random coil form coexist, the fraction of each form can not be clearly
estimated referring only to the amide I and amide n bands. The bands of these two forms
are usually not sufficiently separated from each other, and use of the amide V band
becomes necessary. ^3
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Table 5 2 Characteristic bands associated with the Deotide linkacre 54 55
Designation Approximate
Frequencies (cm"')
Description
Amide A
B
I
II
III
V
-3300
-3100
1700-1600
1480-1575
1300-1230
640-800
NH3(100%)
ibid.
CO, (80%), CN,, CCN,
NH,, (60%), CN, (40%),
CO,,, Cq, NC,
CN, (40%), NH., (30%),
CC, (20%), CO.,
NH„„ CN,
Table 5.3 Observed frequencies (cm ') of the amide I and amide II bands for
polypeptides in various conformations.23,55 xhe letters in parenthesis indicate the
observed intensities: s = strong, m = medium, w = weak.
Conformation Amide I Amide II
Random coil 1640-1648 (s) 1535(s)
a-helix 1650-1658 (s) 1546(s)
Antiparallel-chain 1690-1700 (w) 1530 (s)
pleated sheet 1625-1640 (s)
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Intra- and intermolecular interactions that perturb these vibrations have been
ident,fied.2,23-25,50.5i One expects d.tinct differences between infrared spectra of bulk
materials and the monolayer films formed at the air-water interface owing to the formation
of inter- and intramolecular hydrogen bonds. At the air-water interface, these hydrogen
bonds have to compete with the hydrogen bond formation between the molecular chains
and the adjacent water subphase. As a consequence, in comparison with the bulk state,
other structures may become dominant. By contrast, a more condensed film structure,
such as a bilayer or a multilayer, is expected to favor intra- and intermolecular hydrogen
bond formation of the film-forming molecules at the expense of the hydrogen bond
formation between monolayer and water subphase.
Polv(L-Alanine)
The unpolarized transmission infrared spectrum in the 1400-1800 cm ' region of an
unoriented poly(L-alanine) film cast from pure trifluoroacetic acid solution onto a calcium
fluoride disc is shown in Figure 5.5. Unoriented poly(L-alanine) films cast onto the same
substrate from a 97:3 (v/v) chloroform-dichloroacetic acid solution yield identical infrared
spectra. The observed frequencies of the amide I, amide H, and amide A bands at 1656,
1543, and 3293 cm"' respectively, are consistent with previous findings^i '56,57
characteristic of the a-helical conformation. Circular dichroism measurements of the same
trifluoroacetic acid solution also yield spectra characteristic of the a-helical structure (Figure
5.6).58
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Figure 5.5 Fourier transform transmission spectrum of a poly(L-alanine) cast film.
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Figure 5.6 Circular dichroism spectrum of poly(L-alanine) in trifluoroacetic acid.
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Monolayers of poly(L-alanine) at the air-water interface were prepared by spreading
from both solutions of dichloroacetic acid-chloroform and pure trilluoroacetic acid. The
monolayers were slowly compressed and exhibit surface pressure - area isotherms with
almost identical limiting areas. When spread from trinuoroacetic acid solution, the
isotherm shown in Figure 5.7 (A) yields a value of limiting area of 1 3.5 AVresidue in
agreement with previous findings.32 This is slightly less than the correspondmg value of
about 13.8 AVresidue obtained from the isotherm shown in Figure 5.8 (A) for films spread
from dichloroacetic acid-chloroform solution. This may be due to the partial loss of
molecular chains from the interface into the aqueous subphase due to the solubility of the
solvent in water.
The reflection-absorption infrared spectra obtained for the two isotherms of Figures
5.7 (A) and 5.8 (A) are shown in Figures 5.7 (B) and 5.8 (B), respectively. The surface
concentrations at which spectra were obtained are indicated by labeled arrows drawn above
each isotherm. In both cases, the positions of the most intense bands at -1660 cm ' and
-1548 cm ' in the amide I and amide II region are characteristic of the right-handed a-
helical structure. This suggests that the chain conformation at the air-water interface is
similar to that of collapsed poly(L-alanine) films removed from the aqueous substrate.-'''^ In
that case, chains were found to be composed of ordered arrays of a-helices. As only a
slight frequency shift to lower values is observed during film compression, the same helical
structure is maintained in the expanded and in the condensed states.
There is a secondary band at about 1644 cm"' in the amide I region shown in
Figures 5.7 (B) and 5.8 (B) and found in all external reflectance spectra. This band, not
observed in the infrared spectra of the poly(L-alanine) solutions or cast films appears
immediately after spreading the solutions on the surface of water. The intensity of the
amide I band at -1660 cm ' increases with increasing surface concentration. This band
progressively dominates this spectral region, and only a shoulder around 1645 cm"' is
visible immediately before the collapse of the polypeptide films. Conformational studies of
various proteins and polypeptides have often attributed vibrational bands found at
approximately 1640-1643 cm • to indicate the presence of disordered chains as well as p-
tums.57 The latter band assignment is uncertain, however, because the characteristic
frequencies of the p-tums overlap with bands associated with P-strands and disordered
structure. Since it is already known that poly(L-alanine) adopts the a-helical structure in
both solutions, the role of the spreading solvent in producing this additional conformational
contribution may be ruled out. It is likely however that the hydration of some peptide
groups and the breaking of intramolecular hydrogen bonding mediated by the aqueous
environment may favor a partial unfolding of the polypeptide and thus form disordered
chains.
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Figure 5.7 (A) Surface pressure - area isotherm of a poly(L-alanine) monolayer spread
from trifluoroacetic acid solution on the surface of water. (B) External reflectance infrared
spectra at the air-water interface of the corresponding monolayer for different molecular
areas per residue.
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Figure 5.8 (A) Surface pressure - area isotherm of a poly(L-alanine) monolayer spread
from a 97:3 (v/v) chloroform-dichloroacetic acid solution on the surface of water. (B)
External reflectance infrared spectra at the air-water interface of the corresponding
monolayer for different molecular areas per residue.
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PolvrL-Valine.)
Poly(L-valine) is essentially insoluble in almost all common solvents, except
trifluoroacetic acid. The unpolarized transmission FT-IR spectram of poly(L-valine)
sliown in Figure 5.9 was thus obtained by casting a film from a pure trinuoroacetic acid
solution onto a calcium fluoride disc. The frequencies of the amide I and amide n bands at
1633 cm ' and 1551 cm' respectively, are consistent with the well established p-sheet
conformation expected for this polypeptide.* in addition, the weak band at about 1688
cm"' is attributed to the antiparallel p-form.'l
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Figure 5.9 Fourier transform transmission spectrum of a poly(L-valine) film.
The surface pressure - area isotherm shown in Figure 5. 10 (A) was obtained by
compressing a poly(L-valine) film spread from a trifluoroacetic acid solution, and does not
present the usual monolayer-to-bilayer plateau transition characteristic of the a-helical
structure. 10 The limiting area is found at about 21 .4 AVresidue. This is in agreement with
the value obtained earlier by Yamashita.32 The reflection-absorption infrared spectra
shown in Figure 5. 10 (B) were obtained at the different surface areas indicated by the
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labeled arrows above the .sother™ in Figure 5. ,0 (A). A„
.he data indica.es
.ha. .he p-
conformaiion of pol^L-valine)
,s s.ab,e in ,he surface filn. spread a. .he air-wa.er in.erface
Th,s extended structure persis.s
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Figure 5.10 (A) Surface pressure - area isotherm of a poly(L-valine) monolayer spread
from trifluoroacetic acid solution on the surface of water. (B) External reflectance infrared
spectra at the air-water interface of the corresponding monolayer for different molecular
areas per residue.
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ate^
The conformations of both poly(P-benzy, L-aspartate) (PBLA) and poly(v-benzy,
L-g,u,a™te) (PBLG) ,n chlotoform solut.ons have been determined by circular d.chroism
and tnfrared spectroscopy. Figure 5. 1
,
shows the circular dichro.sm abson^tion spectra
for the u-n* electronic transition of the amide group around 230 nm measured at 22°C for
chloroform solutions of both polypeptides ( 1 mm pathlength). Since chloroform absorbs
readily below 240 nm, only a portion of the transition is observed. The s,gn and position
of the inflections coincide with those reported for polypeptides in the a-helical
conformation. The negative sign indicates that the helix has a right-handed screw sense
and the positive sign indicates a left-handed form.^l
220 230 240 250 260 270 280 290 300
Wavelength (nm)
Figure 5. 1 1 Circular dichroism spectra obtained for chloroform solutions of polytS
benzyl L-asparta(e) (PBLA) and poly(Y-benzyl L-glutamate) (PBLG).
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Fourier transform transmission tnfrared spectra of PBLG and PBLA films cast
from 99:
,
(v/v) ch,orofon.-c„ch,oroacetie acid soiut.ons onto eaicium fluoride d.scs and of
the same solutions sandwiclied between two calcium fluoride discs are shown in Figures
for the poly(Y-benzyl L-
5.12 and 5.13, respectively. The amide I and amide II bands
glutamate) liquid film center around 1653 and 1547 cm', respectively, while the same
bands for poly(P-benzyl L-aspartate) exhibit a frequency shift to higher values to
approximately 1666 and 1557 cm'. Almost identical frequency positions are found for the
respective cast films. The infrared band around 1520 cm ' in Figure 5.13 indicates the
presence of chloroform. The frequencies of the amide A vibration (not shown) present
significant differences as well, positioned at 3292 cm ' for poly(y-benzyl L-glutamate) and
3302 cm-' for poly(P-benzyl L-aspartate). These results obtained for poly(P-benzyl L-
aspartate) and polyCy-benzyl L-glutamate) in solution and in the solid state are consistent
with the left-handed and the right-handed a-helical forms of the two polymers. These
results are in agreement with the conclusions reached previously .45
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Figure 5. 1 2 Fourier transform transmission infrared spectra of poly(Y-benzyl L
glutamate) (- - -) and poly(P-benzyl L-aspartate) (—) films cast from 99: 1 (v/v)
chloroform-dichloroacetic acid mixtures.
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Figure 5.13 Fourier transform transmission infrared spectra of poly(Y-benzyl L-
glutamate) (- - -) and poly((3-benzyl L-aspartate) (—) solutions in 99:1 (v/v) chloroform-
Monolayers of polyCy-benzyl L-glutamate) and poly(p-benzyl L-aspartate) were
obtained by spreading from chloroform solutions containing 1% (v/v) dichloroacetic acid at
surface areas of -23 AVresidue. The surface pressure - area isotherms obtained at room
temperature (19.5°C) for both polypeptides are shown in Figures 5.14 (A) and 5.15 (A).
The isotherms both present the usual monolayer-to-bilayer plateau transition characteristic
of the a-helical structure.^o The first rise in surface pressure occurs at surface areas of
-20.5 AVresidue for PBLA and -21 .2 AVresidue for PBLG. The heights of the plateaux,
which depend on the hydrophobic character of the side chains and on the free energy of the
polymer - vapor interface, are -10 mNm"' for PBLG and -12 mNm"' for PBLA.
The external reflectance infrared spectra of the polypeptide films present on the
surface of water shown in Figures 5.14 (B) and 5.15 (B) were measured during the slow
continuous compression of the monolayers. The frequencies of the ester carbonyl stretch,
the amide I, and the amide II band that lie respectively between 1733-1741, 1654-1661,
and 1548-1553 cm"', were measured at the different cross-sectional areas marked by the
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labeled arrows drawn above the corresponding isotherm. Th. rF "uingisotneims. The frequency position of the
N-H stretching vibration positioned at
-3296 en. ' for PBLA and
-3292 cm ' for PBLG is
an additional checR for discnm.at.ng between the different helical forms. The data shows
that both polypeptides remain in the a-helical conformation under all conditions of surface
pressure. Only a slight frequency shift is observed upon compression, confirming that the
a-helical structure is present below and above the monolayer-to-bilayer transition. This
agrees well with the infrared data obtained earlier on films removed from the surface of
water and deposited onto solid substrates for further study.62.63 Poly(y-benzyl L-
glutamate) at the air-water interface maintains the same helical structure as in the solid or
solution states, i.e. the right-handed a-helix. The spectroscopic features obtained for the
poly(P-benzyI L-aspartate) films spread on the surface of water are however different from
those of the bulk state. The frequency positions of the amide I and ester carbonyl stretch
bands at
-1660 cm ' and 1740 cm ' respectively, are all consistent with the right-handed a-
helix. This not only confirms Malcolm's conjecture that the structure of the collapsed film
is related to that of the monolayer independently of the surface pressure.'o but also shows
that this polypeptide undergoes a transition from the left-handed to the right-handed a-hdh
immediately after spreading from chloroform solution on the water surface.
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Figure 5.14 (A) Surface pressure - area isotherm of a poly(y-benzyl L-glutamate)
monolayer spread from a 99: 1 (v/v) chloroform-dichloroacetic solution on the surface of
water. (B) External reflectance infrared spectra at the air-water interface of the
corresponding monolayer for different molecular areas per residue.
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Figure 5. 1 5 (A) Surface pressure - area isotherm of a poly((i-benzyl L-aspartate)
monolayer spread from a 99: 1 (v/v) chloroform-dichloroacetic solution on the surface of
water. (B) External reflectance infrared spectra at the air-water interface of the
correspondmg monolayer for different molecular areas per residue.
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It has been shown that the left-handed a-heHcal for. of poly(p.benzyl L-aspartate)
stabiHzed by electrostatic interactions between the ester groups of the side chains and the
backbone amide groups and that this occurs in the absence of other stabilizing forces -,36
A low dielectric constant (D
. 3) had to be used in these conformational analysis
calculations in order for the magnitude of the dipole-dipole interaction to be great enough to
overcome the non-bonded energy which favors the right-handed a-helix in aspartate
polymers. The aqueous environment of the Langmuir films spread on the surface of water
should have some perturbing effect on these electrostatic interactions. It is tempting to
speculate that the right-handedness arises due to the presence of water, which would act to
decrease the total Coulombic energy of interaction U, expressed as,20
(5.1)
where D is the dielectric constant, q. and q^ are interacting charges and r.^ is the distance
between them. However, as Ooi et al^^ remark, a reliable estimate of the magnitude of the
dielectric constant D is difficult to make on the atomic scale, for when interacting charges
are close enough together there are no intervening solvent molecules and the dielectric
constant should be that of free space (except for the reaction field of the environment). At
greater distances of separation, D should increase, and if water molecules were to intrude
between interacting charges, there is the possibility of a really substantial decrease in the
contribution of the Coulombic energy to the total. It is not expected that the full dielectric
constant of bulk water (D = 80) would be effective within short intramolecular distances,
but an effective dielectric constant of 4 or 8 could be accounted for.64 The presence of
water may thus weaken the interactions between effective charges on the atoms of the ester
and amide groups, thereby destabilizing the left-handed helical structure and favoring the
right-handed form.
127
A right-handed a-hehcal st.uctu.-e is lound when Hhns of po.y(,-,.e.hy. L-
..uta^ate) (M.
= 37,200) we.e east a 9. , ,,,, ehlo.oWd.eh.o.oacetie aeid
mixture on ealeium Huoride dises, as observed in the MMR trans
Figure 5. 1 6. A similar conclusion is obtained from ein
mission spectrum of
cular dichroism measurements of the
polypeptide solution (Figure 5. 17). This agrees well with earlier Tin,
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Figure 5. 16 FT-IR transmission spectrum of a polyfy-mcthyl L-glutamate) fihii,
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Figure 5.17 CD spectrum of polyCy-methyl L-glulainate) in chloroform-DCA solution
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The surface pressure
- area isotherm of a po,y(y.„,e,hyl L-g,u,amate) (M -
37,200) monolayer spread from a 99:
,
(v/v) chloroform-diehloroaee.ie
so,u.,o„ at the a.
water interface, shown ,n Figure 5.18, exhtbits a surface pressure rise at approximately
17.7 AVresidue with an inflection plateau aris.ng at about 22 mNm '. Th.s limiting area
may be compared with the value of 1 7.9 AVresidue, area calculated assuming that the
molecules are in the a-helical conformatton and pack at the same distance as in the sohd
state in a hexagonal cell with a = 1 1 ,95 A and an increment of 1 .5 A/residue along the
molecular axis 42,59,65
00
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Figure 5. 1 8 Surface pressure - area isotherms of two polyCy-methyl L-glutamate) ((- -
-)
= 37,200; ( ) : = 307,000) monolayers at the air-water interface.
The spectral data displayed in Figure 5.19 were obtained at the various cross-
sectional areas indicated by the labeled arrows in Figure 5.18. In Figure 5.19 (A), two
distinct contributions in the amide I region are observed. One band is centered at -1658
cm ' and the other at -1625 cm '. The first band corresponds to the amide I band observed
for the same sample (M^ = 37,200) in chloroform solution and the cast film, and thus
indicates the presence of an a-helical structure. The second band at lower frequency is
29
L-
an
charactensUc of the p-confor^ation. The presence of an extended confo^aCon ot
,
structure, has been ptev.ously observed in fi,.s of ,ow ntolecular
.eight po,y(,-,neth„ L-
g-utantate) cast fro. chloroform so.uttons. Indeed, the conformation of po,y(v-methyl
glutamate) in the solid state was shown to depend on the sample molecular weight and
a P transformation occurred when the molecular weight of the sample was sufficiently
-ow (M. < 30,000,.- Subsequently, monolayers of low molecular weight poly(,.me.hyl
L-glutamate) which were removed from the surface of v.ater were found in the p-
conformation as well.^ In our findings, the presence of p-s,ructure in the poly(y-methyl L-
glutamate) (M, = 37,200) f,lm spread at the air-water interface, which is not observed ,n
the corresponding bulk sample, may be due to the unfolding of polypeptide chains of lower
molecular weight having a lower stability and caused by hydration of the peptide groups.
The dependence of the conformation on molecular weight is conf,n„ed by the spreading of
a higher molecular weight polyCy-methyl L-glutamate) (M« = 307,000) sample on the
surface of water. The corresponding reflection-absorption spectra obtained at the air-water
interface shown in Figure 5. 1 9 (B) only exhibit a single amide I band at approximately
1657 cm '. In addition, the surface pressure - area isotherm shown in Figure 5.18 yields a
value of limiting area of ~ 1 8.6 AVresidue and a flat plateau at -22 mNm '. Both of these
observations are characteristic of the helical conformation.
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Figure 5. 1 9 (A) External reflectance infrared spectra at the air-water interface of a
poly(Y-methyl L-glutamate) (M^ = 37,200) monolayer for different molecular areas per
residue. (B) External reflectance infrared spectra at the air-water interface of a poly(Y-
methyl L-glutamate) (M^ = 307,000) monolayer for different molecular areas per residue.
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5-3.2 MolecuiaLOrientati
OnentaUon of heHca, structures for buHt-up Lang.uir-B.odgett Hlms . the transfer
directior. has been reported in several studies 8,12.62.3.5.6
^^ere mfrared techniques
have been used to pro.de
.nformat.n on the average orientation of the molecules In case
of
.otactic poly(n.ethyl methacrylate), the lateral onentat.n of the helical structures was
caused by the flow that occurred at the memscus between the substrate and the water
surface during dipping 12
,,,, ^^^^ ^ ^^^^^.^^
^^^^^^^^^ ^ ^^^^^^^
to the compression barriers (substrate surface perpendicular to the barriers instead of
parallel to them) produced the same results as for a 0° rotation, indicating that the lateral
orientation observed was not caused by a preferential orientation in the monolayer on the
water surface due to the direction of the movement of the compression barriers. In case of
poly(Y-methyl L-glutamate)65 and poIyCy-benzyl L-glutamate)63 transferred built-up films,
the a-helical axes were found to form an angle of approximately 30° with the dipping
direction, the authors suspecting that the molecules also lied on the water surface as
condensed arrays forming a certain angle with the compression direction. Later on, the
study of an "undisturbed" polyCy-benzyl L-glutamate) film deposited by the horizontal
touching method showed that at very low surface pressures the a-helices in the monolayer
were randomly oriented, at moderate pressures where the film was still a monolayer, the
helices were oriented predominantly perpendicularly to the compressing barriers, and that
in the collapsed bilayer they were predominantly parallel to the compression barriers.62 it
is likely that, in all these studies suggesting orientational order in Langmuir films on the
surface of water, the transferring process of the monolayers onto solid substrates may have
perturbed the molecular order or disorder initially present on the water surface. Thus, it is
important to determine the molecular orientation directly at the air-water interface without
disturbance of the Langmuir films.
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For hel,cai polypeptides, the Tansi.ion momen, of the amide I absoT,cion lies
appreciably parallel to ,he helix axis and that of the amide ,1 absoT„ion lies roughly
pe-pendicular
.o Che hehx axis and is equally d.s.ributed in Che plane pen,endicular Co the
helix axis (Figure 5.20). Exacc angles of Che d.reecion Crans.cion momencs wich respec, Co
the hehx axis were escimaced Co be ~39» and ~ 75» for Che amide I and amide I, vibracons
respeccively.».67
^.^uming chac Che helical molecular cha.ns he nac on Che surface of wacer
and using an s-polarized infrared beam (Figure 5.21) parallel Co Che compression direction,
low absorbance values for the amide I vibration will be found when the helical axes are
predominantly parallel to the compression barriers, i.e. peT,endicular to the s-polarization
direction, and high absorbance values when the helical axes are perpendicular to the
compression barriers.
The s-polarized infrared reflectance spectra (Figure 5. 15) obtained at the air-water
interface and representative of poly((3-benzyl L-aspartate) monolayers at different stages of
compression have shown that this polypeptide is in the a-helical conformation under all
conditions of surface pressure in both the monolayer and bilayer states. Frequency shifts
of only 2 cm ' were recorded on compressing the monolayers. The carbonyl band of the
ester group in the side chain, which is randomly distributed,62.67 can be used to normalize
the amide I absorption band.66 The normalized amide I absorptions of Figure 5. 1 5 are
represented in Figure 5.22 as a function of molecular area. The large values of the A /^ Amide 1
Afister ratio at small molecular areas indicate that a large portion of helices are oriented
perpendicular to the compression barriers, which agrees with Jones62 findings. In the
latter case, it was suggested that the molecular chains under low-pressure conditions have a
tendency to order with the helical axis parallel to the flow direction and thus perpendicular
to the compression barriers. The decreasing value of this ratio on reducing the trough's
surface area indicates that the helix axes progressively orient perpendicular to the s-
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polarizaCon d.rec.ion, i.e. parallel ,o .he compression barriers, the
.ovemen, of che bar riers
probably causing the reorientation of the molecules.
Amide I
Transition Moment
Amide II
Transition Moment
'
^^^^ --^^^— for
Reflected
Infrared Beam
Polarization
Figure 5.2 1 Schematic representation of the plane of incidence of the infrared beam
reflected on the surface of the Langmuir trough. The direction of the s-polarization is
parallel to the compression direction.
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Figure 522 Infrared absorbance of the amide I band normalized
ester carbonyl group as a function of decreasing molecular area
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5.4 Conclusionvi
In the results presented in this chapter and summarized in Table 5.4, the
conformations of synthetic polypeptides with different side chain composition in the bulk
state have been compared to the conformations obtained in the confined geometry of a two-
d.mens.onal surface. The differences are highlighted in bold. The monolayer films of the
synthetic polypeptides have been directly examined at the air-water interface with the
combined use of surface tensiometry and reflectance infrared spectroscopy. The
conformationally sensitive amide 1 and amide II vibrations were examined as a function of
molecular packing density and compared to those observed for the samples in solution or in
the solid state. While monolayer films of poly(L-alanine), poly(L-valine), and polyCy-
benzyl L-glutamate) at the apolar / polar interface assume similar chain conformations to the
solution or bulk state, monolayers of polyCy-methyl L-glutamate) and poly(P-benzyl L-
aspartate) show interfacial conformational differences.68 For instance, poly(P-benzyl L-
aspartate) forms right-handed a-helices on the suri^ace of water while it is found in the left-
handed form in the bulk state. Presence of both helical and extended structures are
observed in a polyCy-methyl L-glutamate) sample spread on water, the lower molecular
weight polypeptide chains probably forming the (3-conformation. These polypeptides,
assuming diverse conformations at the air-water interface, provide an opportunity to
examine hydrophobic interactions and hydrogen bonding in an asymmetric apolar / polar
environment. Furthermore, the conclusions derived from such conformational studies on
model polypeptides may be applied to the determination of the conformational state of
various natural proteins.
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P = P-sheet structure; rc = random coil. '
" "Shl-handed cx-hehx; a, = left-handed a-helix;
Polypeptide Solution / Cast Film Langmuir Film at Air
PAla
PVal
PBLG
PBLA
PMLG (Low M^)
PMLG (High M^)
P
aR
a,
Water Interface
a^^ + rc
P
"r
a, + p
a,.
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CHAPTER 6
STRUCTURAL CHARACTERIZATION OF POLY(P-BENZYL L-ASPARTATE)
MONOLAYERS CONSTRAINED AT AIR-LIQUID INTERFACES
6. 1 Introduction
Poly(P-benzyl L-aspartate) forms an unusual left-handed 3.6,3 a-helix in the crystal
and in chloroform solution i.2 while the larger aliphatic and p..a-substituted benzyl esters
of poly-L-aspartic acid form more commonly encountered right-handed a-helices.3.4 The
relative stabilities of the left- and right-handed a-helical forms have been estimated by
molecular mechanics methods. It was found that both helix senses of poly((3-benzyl L-
aspartate) have lower stabilities than the right-iianded a-helix of its related compounds, the
left-handed form being slightly more stable than the right-handed form by a few tenths of
kilocalories per mole per residue at room temperature.5 The similar conformational
energies of the left- and right-handed a-helices suggest that these forms may interconvert
on heating or on altering the strength of the dipole-dipole interaction between backbone and
polar side chains which arises as the determining factor in causing the polymer to form left-
handed a-helices.
Environmental parameters, such as temperature, organic solvent or aqueous
medium may thus play an important role in determining the conformation of lowest total
energy for poly(p-benzyl L-aspartate). For instance, investigations of the influence of
temperature on intermolecular potential energies for several poly(L-aspartate esters) have
predicted a reversible helix sense inversion, changing from the right-handed to the left-
handed a-form upon raising the temperature.3.7.8 This is found to agree with experimental
results in all cases but one.3.9 When heating solid films of poly(P-benzyl L-aspartate) to
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about 150OC, the left-handed a-structure
. ..eversibly transformed to a distorted left-
handed hehx or .-hehx (4.O.3 hehx) ...o Moreover, fro. the external reHectance
.frared
measurements described m section 5.3.1.3 of Chapter 5, the conformation of poly(p.
benzyl L-aspartate) (M, = 39,000) has been for the first time directly established in the
monolayer state at the air-water interface. The infrared frequencies of the amide bands
suggest that right-handed a-helices are fomied on the surface of water immediately after
spreading the monolayer and independently of the polypeptide conformation m the
spreading solution, and that the right-handed helical form prevails throughout the slow
compression of the Langmuir monolayers to collapsed films.n,i2 it believed that the
presence of water weakens the side chain-backbone dipole-dipole interactions, thereby
reinforcing the right-handedness.
This chapter is an extension of the previous one and devoted to the study of poly(P-
benzyl L-aspartate) monolayer films constrained to air-liquid interfaces. These monolayers
have been examined through the use of the combined methods of external reflectance
infrared spectroscopy and surface tensiometry. The infrared frequencies of the amide I and
amide H bands that characterize the conformational state of the polypeptide have been
examined. In particular, pressure-induced conformational changes or formation of
alternative conformations according to the spreading conditions and subphase composition
have been investigated. Several parameters including the polypeptide molecular weight and
the pH and polarity of the liquid subphase may indeed affect the stability and packing of the
microstructures in the constrained geometry of a two-dimensional air-liquid interface
(Figure 6.1). Unprecedented conformational changes of poly((3-benzyl L-aspartate)
molecular chains assembling at air-liquid interfaces are described in this chapter, this study
demonstrating the coexistence of multiple structures at an apolar / polar interface.
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Figure 6.
1 Schematic illustration of the compression of a nn^d fu,.. h;^ • ,
Langmuir monolayer consistmg of helical molecSfL chains ^
two-dimensional
6.2 Experimental Section
6.2. 1 Materials
Poly(P-benzyl L-aspartate) (PBLA) samples, with molecular weights of 14,100,
39,000 and 59,000 measured by gel permeation chromatography, were purchased from
Sigma and used without further purification. The solvents used for spreading the
monolayers on the surface of water were used as received. Solutions of poly(P-benzyl L-
aspartate) were prepared from a 99: 1 (v/v) mixture of chloroform (99.0+%, Fisher
Scientific) and dichloroacetic acid (DCA) (99.0+%, Fisher Scientific) at 0.1 and 0.2 mg/ml
PBLA. Sodium hydroxide and hydrochloric acid were purchased from Fisher Scientific
and 2-propanol (99.5+ %) from Aldrich Chemical.
6.2.2 Instrumentation
Substrates for the transmission infrared experiments were polished calcium fluoride
discs and measurements were made using a FT-IR Bruker Model 1 1 3 instrument equipped
with a liquid nitrogen-cooled narrow-band mercury-cadmium-telluride (MCT) detector by
coadding 512 scans with a 2 cm"' resolution. Temperature-dependent transmission infrared
spectra were obtained using a homebuilt heating cell controlled by a Watlow temperature
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controller and a copper-constan.an thermocouple. The temperature values were
approximated to ±l°C.
Circular dichroism (CD) spectra were recorded using an Aviv 62DS CD
spectrophotometer and a quartz Hquid cell with 0.01 mm pathlength. The temperature was
maintained constant at 22°C using a refrigerated bath circulator.
Details concerning the monolayer preparation and experimental procedures have
been already detailed m Chapter 2 and Chapter 5. Particular care was taken in the film
spreading on 2-propanol-contammg aqueous subphases m order to avoid loss of the
polypeptide from the air-liquid mterface due to the solubility in the 2-propanol-enriched
interfacial region. The surface pressure - area isotherms were recorded by compressing
continuously the monolayer films at the compression rate of 3.0 cm^min ' (0.22 A^min ' per
residue). The temperature of the liquid subphase was maintained constant at 20 ± 0.2°C.
6.3 Results and Discussion
6-3.1 Molecular Conformation in Solutions and Cast Films
Figure 6.2 illustrates the circular dichroism absorption spectrum for the n-7i*
transition around 200-240 nm measured at 22°C for poly(|3-benzyl L-aspartate) (M^ =
39,000) in 99:
1
(v/v) chloroform-dichloroacetic acid solution at 0. 1 mg/ml PBLA. Since
chloroform absorbs readily the ultraviolet light below 240 nm, a quartz liquid cell of 0.01
mm pathlength was used. The CD spectrum exhibits a positive trough at -223 nm, which
is indicative of the left-handed a-helix.7 Similarly, a left-handed helical conformation is
found for the other poly(P-benzyl L-aspartate) solutions of different concentration and
molecular weight.
145
-1
180 200 220 240 260
Wavelength (nm)
280
Figure 6.2 CD spectrum obtained for poly(P-benzyl L-aspartate) m chloroform-DCA.
The presence of different helical forms in polypeptide systems can be detected by
using infrared measurements of conformational ly sensitive vibrational bands of the peptide
linkage. First Elliott'3 and later Hashimoto^ and Bradbury3,9 showed from transmission
infrared spectra of homopolymers and copolymers of L-aspartate esters that there was a
correlation between the helix screw sense and the frequencies of the amide I and amide II
bands. The ranges of the amide I and amide n bands are respectively 1656-1659 and
1552-1555 cm ' for the right-handed oc-helix, 1664-1668 and 1555-1561 cm ' for the left-
handed a-helix and 1675 and 1536 cm ' for the co-helix of poly(P-benzyl L-aspartate).
When a poly(P-benzyl L-aspartate) (M^ = 39,000) film is cast from a 99: 1 (v/v)
chloroform-dichloroacetic acid solution on a calcium fluoride disc, the transmission
infrared spectrum obtained at room temperature shows bands arising in the N-H stretch,
ester carbonyl stretch, amide I, and amide II regions at 3301, 1735, 1666, and 1558 cm"'
respectively (thick line in Figure 6.3). These frequencies are consistent with the left-
handed a-helix, the amide band frequencies falling within the ranges given earlier by
Elliot. 13
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Raismg the temperature from 24°C to about I20°C results in frequency shifts in the
infrared spectrum, as shown m Figure 6.3. The sense of each arrow in Figure 6.3
indicates an increasing environmental temperature from 24°C to 120°C. These shifts are
accompanied by a decrease in peak mtens^ty and band broadening of each vibrational band
The frequency shifts of each characteristic band upon heating to 120°C and subsequent
cooling to room temperature are summarized in Figure 6.4. Upon raising the temperature
to about 105°C, frequency shifts of 9 cm ' for the amide I band and 12 cm> for the N-H
stretching band to higher values are observed, while the amide II band and the carbonyl
ester stretching band are shifted 22 cm ' and ~1 cm" respectively, below their values at
room temperature. The frequencies of the amide I and amide II bands at 1675 cm ' and
1536 cm ' respectively, observed at I20°C, are characteristic of the left-handed co-helix
conformation. This is consistent with the findings first made by Bradbury,io where a
transition from the a-helix to the co-helix was induced on heating solid films of poly((3-
benzyl L-aspartate) to 140°C. The frequency shifts for all four vibrational bands induced
on heating show sigmoidal transition regions with inflection points near 90°C. This is in
good agreement with the NMR results'S and the differential thermal analysis resultsi6 that
indicated transitions from the a-helix to the co-helix at 90 and 95°C respectively. In
addition, the temperature-induced transition is irreversible on cooling the films to room
temperature as illustrated by the frequency positions of the filled circles in Figure 6.4.
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Figure 6.3 Effect of raising the temperature on the fT-IR transmission spectrum of a
poly(P-benzyl L-aspartate) (M^ = 39,000) cast film.
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Figure 6.4 Frequency positions of the N-H stretch, ester carbonyl and amide bands
a function of increasing (open circles) and decreasing (filled circles) temperature.
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^•^•2 Molecular Conformarinn th. Air-W^t^r Tnt.^^^^
Monolayers of poly(P-benzyl L-aspartate) were spread on an aqueous substrate
from 99:
1
(v/v) chloroform-dichloroacetic acd solutions at initial surface areas of -23
AVresidue. After the solvent had evaporated, the monolayers were slowly compressed at
0.22 A^min-' per residue. The surface pressure - area isotherms obtained at room
temperature (19.5°C) for all molecular weights (M, = 14,100, 39,000 and 59,000) of
poly(P-benzyl L-aspartate) are practically identical. Only the isotherms for the 14,100 and
39,000 molecular weight samples are represented in Figures 6.5 (A) and 6.6 (A)
respectively. Both isotherms present the usual monolayer-to-bilayer plateau transition (at
-12 mNm ') characteristic of a-helical polypeptides with sufficiently long side chains.'7.i8
The limiting area per residue of -20.5 AVresidue estimated by extrapolation to zero surface
pressure is also in good agreement with electron diffraction data and consistent with the
presence of a-helices.i8-20
In Figures 6.5 (B) and 6.6 (B) are represented reflectance infrared spectra of the
poly(P-benzyl L-aspartate) monolayers in the 1800-1500 cm ' region for both molecular
weights (M^ =14,100 and 39,000) obtained at various cross-sectional areas. Reflectance
infrared spectra obtained for poly((3-benzyl L-aspartate) monolayers of the highest
molecular weight sample (M^ = 59,000) showed no difference with the 39,000 molecular
weight sample. The frequencies of the ester carbonyl, amide I, and amide II bands that lie
approximately at 1740, 1660, and 1553 cm ' respectively, are measured in the spectra
obtained at the different cross-sectional areas marked by the labeled arrows drawn above
the isotherms in Figures 6.5 (A) and 6.6 (A). The frequency position of the N-H
stretching vibration, that appears as a notch at about 3295 cm"' in the strong upward 0-H
stretching band, is also used as a further check to discriminate between the different
conformations. The results are summarized in Figure 6.7. No significant frequency
difference is found between the monolayers of different molecular weights. The
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frequendes are all
.
good agreement w.th the values obtained for the nght-handed hehcal
form of polyCL-aspartate esters), and are quite different from those of the left-handed a-
helices present in the cast films of poly(P-benzyl L-aspartate) (section 6.3. 1 ). The
frequency positions show that there is essentially no effect of surface pressure or degree of
compression on the conformation, as all frequencies remain m the range that characterizes
the right-handed a-helix, even through the plateau region and the film collapse that follows.
These result are thus consistent with Malcolm's early findings showing the presence of
right-handed a-helices in collapsed films of poly(P-benzyl L-aspartate). 18 We find in
addition that the right-handed helical conformation is formed immediately after the
spreading of the polypeptide solution on the surface of water, since it is found before the
film compression itself at expanded molecular areas. The right-handedness probably arises
from the presence of water weakening the side chain-backbone interactions as water
molecules may bridge between the side chain ester and the backbone peptide groups. The
conformational analysis of poly(L-aspartate esters) has already shown that the side chain
conformation is sensitive to the proximity of the ester group to the backbone and to the
dielectric constant of the environment.6'2i
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Figure 6.5 (A) Surface pressure - area isotherm for a poly(p-benzyl L-aspartate) (M^
= 14,100) monolayer at the air-water interface. (B) Infrared external reflection-absorption
spectra at the air-water interface for the corresponding monolayer at different molecular
areas per residue.
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Figure 6.6 (A) Surface pressure - area isotherm for a poly((3-benzyl L-aspartate) (M^
= 39,000) monolayer at the air-water interface. (B) Infrared external reflection-absorption
spectra at the air-water interface for the corresponding monolayer at different molecular
areas per residue.
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Figure 6.7 Frequency positions of the N-H stretch, ester carbonyl, and amide bands
for poly(p-benzyl L-aspartate) (M^ =14,100 and 39,000) monolayers at the air-water
interface as a function of molecular area per residue.
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Monolayers of poly(p-benzyl L-aspartate) (M. = 39,000) were spread from 99-1
(v/v) chloroform-dichloroacet. acid solutions on various aqueous substrates with different
pHs. When monolayers are spread on an acidic substrate (pH = 2) or on pure water (pH =
6), the surface pressure
- area isotherms show no appreciable difference. The isotherms
obtained on supports at pH > 7 show a gradual rise of the flat region and a shift toward
smaller areas with increasing pH (Figure 6.8). This can be attributed to the increasingly
hydrophilic nature of the side chains and a partial solubilization into the subphase.
Although the monolayers should become more expanded when the side chains are ionized,
the slow dissolution into the subphase causes the molecular areas to decrease. The external
reflectance infrared spectra that were recorded on the different substrates at pH 2, 6, 8 and
10 for different molecular areas all have vibrational bands characteristic of the right-handed
a-helix. Figure 6.9 illustrates infrared reflectance spectra obtained on an aqueous substrate
at pH 10. When the substrate is maintained at a pH of 12 and, after a relaxation time of
about 1 hour, the surface film is compressed at the usual slow rate (3.0 cm'min '), no
surface pressure rise is recorded upon surface layer compression. This indicates that the
polymer film readily dissolved into the aqueous subphase within minutes after its spreading
so that no surface pressure is detected on compression by the time the film compression is
started. This agrees well with eariier studies showing that the use of substrates of pH close
to 13 induced the complete denaturation of polypeptide Langmuir films. 17,22
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Figure 6.9 External reflection infrared spectra of a poly(P-benzyl L-aspartate)
monolayer spread on an aqueous surface of pH 10 at different surface pressures.
Since all monolayer films were compressed at a relatively slow rate (0.22 A^min '
per residue), allowing unstable films to desorb during the course of the experiment, a much
rapid compression rate (3.05 A^min ' per residue) was used to compress a poly(P-benzyl L-
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ns|x,„a,c) (M„ = 39,(X)(), lil,„ ,sp,cad on an aqueous suh.s.nUe of „„ ,2. The Ciln,
compression was s.a.ed only nunu.es a„e, ,he polypepn.le spreading on ,hc aqueous
surface. The corresponding isoihern, is shown in Mgure 6.10. After ce,ssa„on of
con,prcssK.n. i, ,s found ,l,a, ,he surfaee pressure decreases w„h ,une, reaching a .ero
value aflcr abou( 1 2 houi s has elapsed (Figure fill).
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Figure 6. 10 Surface pressure - area isotherm ol a |K)ly(B-ben/yl L-aspartale)
spread on a subphase at pH 12 and compressed at 3.05 A^iiin 'residue
monolayer
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External refleetance infrared spectra were then obtained at different surface pressure
values as indicated in Figure 6. 12. One observes that the
.tensities of all vibrational bands
decrease slowly with the surface pressure change as molecules desorb fro. the air-water
interface. The frequencies of the amide I and amide II, at 1661 and 1554 cm ' respectively,
however remain unchanged and are characteristic of the right-handed a-helical
conformation identical to the conformation found in monolayers spread onto more acidic
substrates. The ester carbonyl stretching band at ~ 1 742 cm ' broadens to lower frequencies
(around 1720 cm ') and decreases m intensity relative to the 1661 cm ' band, suggesting
that the ester is saponified by the basic substrate, and the polymer dissolves as the esters
convert to carboxylates. Possibly in solution the polypeptide is in random coil
conformation, but the spectroscopic evidence is that it remains organized in a right-handed
a-helix while at the surface of the basic solution. External reflection infrared spectroscopy
does^not penetrate into the bulk solution deeply enough to allow any statement to be made
concerning the conformation of the polypeptide in solution.
o
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Figure 6. 1 2 External reflection infrared spectra of a poly(P-benzyl L-aspartate)
monolayer spread on an aqueous substrate of pH 12 obtained as a function of decreasing
surface pressure.
158
^•^•^ Effect of T.owering the. Ar^npnnc q.,,..^,^^^^^^
When poly(P-benzyI L-aspartate) (M, = 39,000) monolayers are spread from 99:1
(v/v) chloroform-dichloroacetic acid solutions on aqueous substrates containing small
amounts of 2-propanol (up to 1% (v/v)), the heights and lengths of the plateaux and the
limking areas at which the first rise in surface pressure occurs are all reduced compared to
the ones of surface pressure
- area isotherms obtained on pure water (Figure 6.13). A
number of intermediate isotherms obtained for several substrates with 2-propanol contents
between 0 and 1% (v/v) have been left out of Figure 6. 1 3 for clarity. When monolayers
are spread on a surface of water containing 1% (v/v) 2-propanol, the transition plateau
disappears and the measured cross-sectional areas are extremely low suggesting a non-
equilibrium surface film present on the liquid surface. A similar contraction of residual
was observed by Malcolm.is Reducing the amount of 2-propanol to 0.5% (v/v) produces
isotherms with higher residual areas at given surface pressures.
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Figure 6. 1 3 Surface pressure - area isotherms for poly(p-benzyl L-aspartate) monolayers
on aqueous substrates containing various amounts of 2-propanol (% (v/v)).
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The low values of the limiting areas may be attributed to the loss of poly,
the interface into the subphase due to the so.ub.lhy of the polypeptide in the 2-propanof
enr.ehed surface region. The poor reproducib.Hty u. surface area indicates that the
molecules are not fully condensed into an organized continuous film. The lowering of the
plateau mainly arises from the reduction of the adhesion between the polypeptide and the
aqueous subphase-containing 2-propanol. It has been shown that the work of adhes.on, as
calculated from the Young's equation and applied to monolayer systems, is a function of
the surface tension of the liquid subphase with respect to the air medium and the angle of
contact of the polymer with the liquid interface."^ The surface tensions of 2-propanol and
water determined at 20"C are quite dissimilar with reported values of 2 1 .7 mNm ' and 72.8
mNm ' respectively, and the measurement of surface tensions for mixtures of water and 2-
propanol in the range of 0 to 4% (v/v) 2-propanol have given a range of surface tensions
between 72.8 mNm ' and 54 mNm '.-'^ It has been indeed predicted that when the surface
tensions of two liquids such as 2-propanoI and water differ appreciably, the addition of
small amounts of one liquid with lower surface tension generally results in a marked
decrease of that of the other liquid.23 This effect arises from a selective adsorption of the
solvent with lower surface tension at the interface of the mixture. Moreover, the spreading
conditions of the polymer chloroform-DCA solution are modified with the reduction of the
contact angle of the polymer-liquid interface with the addition of 2-propanol into the
substrate.
External reflectance infrared spectra were obtained for the monolayers spread on the
surface of water containing different amounts of 2-propanol. In Figure 6. 14 are
represented infrared spectra of poly(P-benzyl L-aspartate) (M^ = 39,000) monolayers
spread on 0, 0.4, 0.5, 0.8 and 1% (v/v) 2-propanol contained in the aqueous substrate and
obtained at -40 mNm ' surface pressure. The frequencies of the amide I and 11 bands, the
ester carbonyl band and the N-H stretching vibration are given in more details in Figure
160
area
6.15 for the 0, 0.5 and 1% (v/v) 2-propanol composh.ns as a function of molecular
or degree of compression. The frequences of the amide I and am.de II at 1660 and 1553
cm
- respectively, obtained for a monolayer spread on pure water are consistent with the
nght-handed a-heHx as shown earlier, whereas for the monolayer spread on an aqueous
substrate contaming 1% (v/v) 2-propanol, the frequencies at 1666 and 1558.5 cm ' are
charactenstic of the left-handed form. The latter frequencies are in good agreement wuh the
ones obtained for the solid cast films. These frequences and the observed much smaller
cross-sectional areas may imply that the helices are intact in the surface of the 1% (v/v) 2-
propanol-containing subphase but largely submerged in the mixed solvent, perhaps with
the helix axis inclined at some angle to the surface normal rather than parallel to the surface.
Most interesting are the frequency positions held when monolayers are spread on an
aqueous substrate containing approximately 0.5% (v/v) 2-propanol. Additional vibrational
bands appear with frequencies quite different from the ones characteristic of the right- or
left-handed a-helical forms. In particular, a second peak at 1733 cm ' in addition to the
1739 cm ' band appears in the ester carbonyl vibration, a strong peak maximum at 1674.5
cm ' dominates the amide I band and an additional peak at 1539 cm ' arises in the amide H
spectral region. All these features are surprisingly in good agreement with the presence of
the co-helix conformation normally obtained by heat treatment of either right- or left-handed
a-helices of poly(p-benzyl L-aspartate). Furthermore, reflectance infrared spectra of
monolayers spread on subphases of intermediate 2-propanol concentrations show a
progressive transition from one conformation to the other. At 0.4% (v/v) 2-propanol
concentration, the amide I band is broadened suggesting a large distribution of
conformations. Because of the high signal-to-noise ratio obtained for this particular
spectrum, three distinct peaks at positions corresponding to the co-conformation, the right-
handed and the left-handed a-helices appear to contribute to the amide I band. At 0.8%
(v/v) 2-propanol concentration, the band positions correspond to the left-handed a-helix
with some contribution of the co-conformation. Finally, the frequency positions of the
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characteristic vibrational bands, as shown in Figure 6. 15. are quite
.dependent of the
molecular area, the different confornrations be.ng stable throughout the filn, compression
O
3400 3350 3300 3250
Wavenumber (cm"')
3200
1800 1750 1700 1650 1600 1550 1500
Wavenumber (cm )
Figure 6. 1 4 Infrared reflectance spectra of poly(p-benzyl L-aspartate) (M^ = 39,000)
monolayers compressed to surface pressures of -40 mNm"' on 2-propanol-containing
aqueous substrates. The labels indicate the 2-propanol content (in % (v/v)) present in the
subphase.
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Figure 6. 1 5 Frequency positions of the N-H stretch, ester carbonyl stretch, amide I and
amide II bands for poly(p-benzyl L-aspartate) monolayers spread on aqueous subphases
containing 0, 0.5 and 1 % (v/v) 2-propanol as a function of molecular area per residue.
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As the 2-propanol concentration is increased in the aqueous subphase, the infrared
spectra clearly show the increase of the left-handed a-helix contribution at the expense of
the right-handed helical form. This structural change is to be correlated wuh the diminution
of the limiting areas in the surface pressure - area isotherms. A number of factors may
affect the structure and behavior of the monolayer films when 2-propanol is added to the
subphase. In addition to the fact that the surface tension of the subphase and the contact
angle of the polymer at the liquid interface decrease with the presence of 2-propanol, the
polarity and dielectric constant of the aqueous subphase near the air-liquid interface are
lowered. The dielectric constant for 2-propanol measured at 25°C is about 18.3, compared
to 78.5 for water. In general, reducing the polarity and the dielectric constant of an organic
solvent tends to increase the electrostatic forces in proteins and other polyamino acids.
Water apparently favors the right-handed helical form by reducing the backbone-side chain
electrostatic interactions that would otherwise stabilize the left-handed a-helix. Upon
addition of 2-propanoI in the subphase, the conformation in the monolayer at the liquid
interface is then reversed to the left-handed form in favoring the electrostatic interactions
and competing with water.
The presence of the co-helix conformation in the monolayer films at room
temperature is most surprising since this four-fold helix is usually obtained by heating solid
films of poly(p-benzyl L-aspartate) to at least 100°C. However, Goodman^ reported the
presence of amide I bands close to 1675 cm"' attributed to the co-helix conformation in the
infrared measurements of chloroform solutions of polyCy-methyl L- aspartate). According
to this author, the co-helix may also exist at room temperature in the solution state. The
amide I frequency of the co-helix is higher than that of either the right- or left-handed a-
helix. Since hydrogen bonding usually lowers the frequency of a carbonyl stretch, this
suggests that the carbonyl in the a)-helix is involved in hydrogen bonding that is
substantially weaker than that found in the right- or left-handed a-helix. As the helical
sense converts from right- to left-handed, it is highly probable that the mechanism involves
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the breaking and refo™,„g of hydrogen bonds as ,he amide groups rotate about the bond to
the a-carbon..« However, if the n,echan,sm of conversion of right- to ieft-handed helicity
were by propagation of a short length of opened helix along the helix axis as Malcolm
suggested, it would be surprising that the intens.ty of the 1 675 cm ' band is strong enough
to be observable. In fact, when the aqueous subphase contains 0.5% (v/v) 2-propanol. the
1675 cm-' band entirely dominates the amide I region, and is far more
.mense than the 1660
or 1666 cm ' features, suggesting that many of the amide groups are present in th,s sample
as components of the more weakly hydrogen bonded intermediate structure. Somewhat
smaller numbers of amide groups are evidently present in this film in both left- and right-
handed a-helices.
The strong intensity of the 1675 cm ' band relative to the intensities of the 1660 and
1666 cm-' bands in the spectrum obtained for 0.5% (v/v) 2-propanol concentration is
especially interesting. This spectrum shows that the transition from one helicity to the other
proceeds through a region of weak hydrogen bonding, and further, the broad bandwidth
suggests that the structure is disordered. The spectrum thus shows that the transition is
very similar to the random coil - helix transition undergone by many helical structures
under conditions of changing pH or temperature.24-26
The strong intensities of the 1675, 1666 and 1660 cm ' bands in the reflection
spectrum of the same film for 0.4% (v/v) 2-propanol concentration may be explained as
follows. The mean number of coil - helix transition boundaries (n) along a polymer chain
involved in helix - coil transitions and divided up into N equal segments is independent of
left or right-handed helicity at a boundary and is expressed as,
ainz
(6.1)
where Z is the partition function for helix and coil and a is a measure of the cooperative
effect involved in forming helix from coil. A segment cannot be in a helix all by itself. At
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leas, several others n,ust already be laid down, and ,he parameter o requires several
previous segments in sequence along the eham to be in helical form. A very small value
(say, 10 ') of c relatively disfavors the convers.on of coil to hel.x. In terms of a function F
defined as,
p_ 4s(1-g)
(1+S)2
(6.2)
the mean number of transition boundaries (n) along the polymer chain is given by the
theory as,
(n>
2saN
(6.3)
where s ranges between zero and infinity and provides a measure of the energy change that
accompanies a change from coil to helix. An s > 1 favors helical form, while an s < 1
favors the coil. When s is very large, cooperative effects are favored, leading to very few
very long helices along the chain, while a very small s implies that cooperative effects are
overcome and there are very few very short helices along the chain. Near s = 1, the
function (n) peaks sharply with a width that grows as a increases, which implies a very
large number of helices of various intermediate lengths interspersed with random coils of
similar segmental lengths. Thus, the strong intensity of the 1675 cm ' band is required by
the theory, as is the substantial intensity of the 1660 and 1666 cm ' bands.
It is perhaps worth remarking that the presence of very few very short coils when s
is very large, or very few very short lengths of coil when s is very small, corresponds to
the survival of a few holes in a crystal annealed near the absolute zero of temperature. The
entropy decrease that accompanies removal of the last few holes, or the last few coils, or
the last few helices, is extremely large, though much larger in crystals than in a polymer
chain. The polymer chain is a small system in comparison with a crystal, and the entropy
decrease, though large, is not neariy as large as is the case for the removal of holes from a
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crystal. Nonetheless, it may be sufficent to provide a nucleus for the cooperatively formed
helices when s increases from very small values, or to provide an initial site for coil
formation when s is declining from very large values.
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6.4 Conclusions;
On the basis of the results from spreading experiments and mfrared measurements
it is found that films of poly(3-benzyl L-aspartate) can exist in different structural forms at
the air-liquid interface. The structural characterization is achieved directly at the air-liquid
interface using the external reflectance infrared technique. The conformations at the air-
liquid interface are found to be independent of the spreading solvent and film compression.
The right-handed a-helical structure is stabilized on pure water, while the left-handed a-
form is more stable on 2-propanol-containing water substrates. The frequency positions of
the characteristic amide bands for the two helical forms have been used to show that the
monolayer spread from chloroform solution undergoes a transition from the right-handed tc
the left-handed a-helix when altering the polarity of the liquid substrate. In addition, the
left-handed (o-helix, whose fomiation usually requires high temperature conditions, is
stabilized at ambient temperature. Finally, the change in pH of the aqueous substrate leads
to the gradual hydrolysis of the polypeptide chains and complete denaturation at about pH
12.
The frequency changes, which occur in the amide bands and ester carbonyl
stretching vibration on transforming from the left-handed a-helix to the right-handed a-
helix or left-handed (o-helix, are summarized in Table 6. 1 . In this table are also included
the literature results from infrared measurements of the left-handed a-helical poly(p-benzyl
L-aspartate) 10 and right-handed a-helical homopolymers and copolymers of poly(L-
aspartate esters).^
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Table 6.
1
Ba"^ assignme^^^^^^^^ frequencies for left- and right-handed helicalforms of poly(P-benzyl L-aspartate) films.
Band Frequencies (cm"')
Assignment ttL-helix* cast films* co-helix* heated films^ ttR-helix^ monolayers*
NH stretch 3302 ± 3 3301 3296 ± 5 3305 3296 ± 3 3290
Ester C=0 1735 ±2 1735 1731 ±2 1731 1741 ±2 1739-1741
Amide I 1666 ±2 1666 1675 ±2 1674 1659 ± 2 1659-1661
Amide n 1557 ±2 1558 1536 ±2 1536 1553 ±2 1553-1555
*Frequencies for the left-handed (aj a-helix and co-helix in poly(P-benzyl L-aspartate)
films obtained by Bradbury
^ilms cast from chloroform solution at room temperature in our study
Cast films heated to 120°C, then cooled down to room temperature in our study
^Frequencies for the right-handed (a^) a-helix in poly(L-aspartate esters) films^
^Monolayer films spread from chloroform solution at the air-water interface in our study
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CHAPTER 7
STRUCTURAL CHARACTERIZATION OF SILK FIBROIN
AT THE AIR-SOLUTION INTERFACE
7.1 Introduction
7.1.1 Background
Silk fibroin is an impressive material. On an equal weight basis, it is stronger than
steel and is very elastic, i It is this combination of strength, stretch and lightweight that
makes silk so interesting for the generation of new advanced materials. Natural silks have
thus become the subject of extensive studies as model systems for high-performance
biopolymers and composite materials. Silk threads extracted from Bombyx mori silkworm
cocoons are composed of double filaments of fibroin enveloped in an outer layer of sericin.
In the anterior division of the Bombyx mori silkworm gland, it has been established that
increase in fibroin concentration (up to 30% in the middle gland) accompanied by a change
in pH, loss of various salts, and increase in segmental orientation under the action of
shearing stress and elongation force, all seem to occur and affect the formation of silk
fibres.2.3 A precise structural characterization of natural silk is rather limited by the sample
preparation which causes changes in composition and microstructure. For example, the
tendency to coagulate easily makes the measurement of the molecular weight (-360,000)
rather difficult.'^-^ It has been shown however that, when the highly viscous aqueous
fibroin solution of the anterior silk gland is removed carefully and allowed to dry
undisturbed at room temperature, it forms a water-soluble product.
The chain conformation of silk fibroin is uniquely decided by its repeating unit of
amino-acid sequences, which mainly consists of an alternation of glycyl residues with two
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thirds alanyl residues and one third seryl residues in the order of Ala-Gly-Ala-Gly-Ser-Gly
.
Synthetic silk polymers of the kind (Ala-Gly-Ala-Gly-Ser-Gly)„ have often been used to
understand the chemical and physical properties of the natural forms of silk. In the solid
state, the a-helix, p-form, polyglycine U, and collagen-like coiled coil all have been
distinguished in the structure of silk threads.6 However, two crystalline modifications, a
water-soluble crystalline form, known as the a-form or silk I, and the water-insoluble silk
II form are predominant. The presence of each one of these crystalline forms depends on
the crystallization conditions. Numerous studies performed on spider dragline silk as well
as Bombyx mori silk fibres have evidenced the now well characterized silk II structure
which participates to the 30 to 50% cristallinity of the fibres depending on the origin of the
silk. In the crystalline regions of the silk II structure, the chains arrange in a planar
hydrogen-bonded pleated p-sheet conformation in an antiparallel fashion (Figure 7.1), and
orient in such a manner that the glycyl residues project on one side of the sheet and the
alanyl and seryl residues on the other side.7-9
The less stable silk I crystalline structure is considered to be closely related to the
structure of silk fibroin in solution. It remains poorly understood however because of the
difficulty to obtain an oriented sample for X-ray crystallography, the orientation of
crystallites for X-ray analysis causing a transformation to the P-sheet conformation or silk
II structure. Several models have been proposed for the silk I form of Bombyx mod silk
fibroin. A crankshaft model was proposed by Lotz^O-i ' for small lamellar crystals
prepared from aqueous lithium bromide solutions of poly(L-alanylglycine) consisting of
antiparallel hydrogen-bonded P-sheets arranged in a regular alternating pattern, the
molecules packing in an orthorhombic unit cell. This model remains controversial since it
hardly explains the denaturation of the water-soluble silk fibroin to the silk II fibre form
occurring during the spinning process by the only application of a mechanical stress. More
recently, the silk I structure, which has been investigated by means of molecular modeling
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using the isomorphous form of poly(L-alanylglycme), transformed readily to the silk II
extended structure when subjected to mechanical drawing, shearing or heating.12
O o
O-.-.-ot Q---0-#
Helical Structure Polar-Antiparallel B-sheet
# a-carbon atom 0 oxygen atom - - - hydrogen bonding
O nitrogen atom # carbon atom
Figure 7. 1 Schematic representation of the silk I (loose helical structure) and silk II
(extended (3-sheet) structures.
In an attempt to gain more information on the fibre processing in vitro, we have
oriented our study to the characterization of regenerated aqueous silk fibroin solutions.
Silk fibroin solutions can be prepared by dissolving silk fibres in concentrated aqueous
solutions of salts, such as lithium bromide or lithium thiocyanate, which are weakening the
intermolecular hydrogen bondings, and later by removing these salts. Several studies have
shown that the two crystalline modifications, silk I and silk 11 forms, can be readily
obtained from such regenerated aqueous silk fibroin solutions by carefully controlling
experimental parameters such as concentration, solvent, casting or quenching temperature,
drying rate, and nature of substrate. ^^-^^ Circular dichroism studies of dilute aqueous
Bombyx mori silk fibroin solutions have indicated the presence of a coiled (or disordered)
structure with lack of any helical structure.^-^-is As the silk fibroin concentration rises
above -5% in the aqueous solution, when the molecular chains start to aggregate, the
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randomly coiled structure changes over to the loosely helical conformation of silk I, the
helical content increasmg dramatically with increasing concentration and reaching about
40% at 20% fibroin concentration. 19 NMR20-22 and Raman spectroscopy23,24 studies
have confirmed that silk fibroin in solution adopts predominantly a randomly coiled
structure with a small portion of helical conformation. All these data agree that the overall
conformation remains unchanged over a wide range of concentration, provided that the
solution is not subjected to shear or elongational now fields. The randomly coiled silk
fibroin transforms easily to the antiparallel extended P-structure in both the solid state or in
solution under favorable conditions, on treatment with hydrophilic organic solvents such as
methanol and ethanol,22,25 upon mechanical action of agitation of solution or mechanical
drawing of cast film, upon UV-radiation treatment, and heat treatment above 40°C and low
drying rate. 26.27
7.1.2 Spectroscopic Characterization of Silk Structures
Over the past fifty years, it has been demonstrated that vibrational spectroscopy is a
powerful tool to characterize and differentiate the different silk structures. Use has been
made of the frequencies and band broadening of the amide bands to characterize the
conformational state of various silk proteins. The amide I and amide III bands are
particularly convenient since frequency shifts of about 30 cm"' readily occur between the two
secondary structures of silk I and silk II. Ambrose28 first identified the frequency of the
carbonyl stretching mode of a silk I sample at 1660 cm"', although the same band was
assigned to the amorphous form of silk by Miyazawa. 29.30 ^\\^ n form exhibits a strong
amide I vibration around 1630 cm ' along with a much weaker one close to 1680 cm '.
Similarly, the position of the amide III vibration around 1230 cm ' has been assigned to the
helical or disordered conformation of the silk protein while a band at 1260 cm ' indicates the
presence of a P-sheet structure. In view of the similarity of the frequency positions in the
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infrared spectra between the silk I and random coil forms, the distinction between these two
forms by infrared spectroscopy seemed difficult if not impossible. Later on, Magoshi
claimed that only an absorption band in the amide V reg.on at 610 cm ' was ascribed to the
silk I form while bands at 650 and 700 cm ' were characteristic of the random coil form and
p-form, respectively. 15
The origin and assignment of vibrational bands, in infrared and Raman spectra,
useful for the silk structure characterization are indicated in Tables 7.1 and 7.2,
respectively. The band between 1630-1700 cm ', strong in both infrared and Raman
spectra, is assigned to the amide I vibration which is primarily associated with the
stretching vibration of peptide carbonyl groups. The 1530-1540 cm ' band, which has
moderate intensity in the infrared and is weak in the Raman, is attributed to the amide n
vibration. It is dominated by a N-H in-plane bending mode coupled to a skeletal stretching.
The band at 1230-1260 cm ', weak in the infrared but strong in the Raman, is associated to
the amide HI band and is mainly due to skeletal deformations. It has been also observed
that the amide III mode in Raman spectra is more sensitive than the amide I and H modes to
changes in the secondary structure of polypeptide chains.^i
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Table 7.1
polymers. 32,33
Assignment of characteristic vibrational infrared frequencies (cm ') for silk
Assignment
Amide I v(C=0)
Amide II 6(CNH), v(CN)
Amide III v(CN), 8(CNH)
Silk I
1660
1540
1235
Disordered
1655
1535
1240
Silk II
1630
1530
1265
Table 7.2 Raman frequencies (cm ') for the amide I and amide IH bands of aqueous
silk.23,24 Abbreviations: s, strong; m, medium; b, broad; w, weak.
Assignment a-helix Disordered P-sheet
Amide I 1645-1657 (s) 1660-1665 (m,b) 1665-1680 (s)
Amide HI 1230-1260 (w) 1240-1250 (m) 1230-1240 (s)
In general, there is little in situ structural information obtained for protein films at
air-liquid interfaces that enables comparison with the conformations in the bulk phase. At
an interface, the molecular chains presumably are unable to assume the full range of
conformations available in the bulk phase, allowing probably different but also non-
equilibrium structures to form. The objective of Chapter 7 is thus to determine whether
adsorbed silk molecules undergo any structural changes. First, in section 13.\,Bombyx
mod silk fibroin solutions and several fibroin membranes are investigated and their
conformational state in the bulk phase determined. Then, in section 7.3.2, regenerated silk
fibroin solutions are probed by surface tensiometry to determine the kinetics of silk
adsorption to the air-solution interface. Finally, in section 7.3.3, these same solutions are
characterized by external reflectance infrared spectroscopy to determine the resulting
interfacial conformation as compared to the conformation in the bulk of the solutions.
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7-2 Experimental Sprfinn
7-2.1 Sample Preparation
Regenerated Bombyx mori silk fibroin solutions were prepared as follows. After
the chrysalides were removed from their cocoons (provided by Prof. Y. H. Huang,
Guangzhou Institute of Chemistry, China), the cocoons shells were cut to pieces and
boiled for 2 hours in an aqueous mixture of 0.05% (w/v) sodium carbonate (Fisher
Scientific) and 0.5% (w/v) sodium dodecyl sulfate (Polysciences), and boiled for another
hour in an aqueous 0.05% (w/v) sodium carbonate solution to fully remove sericin. After
degumming, the silk fibres were thoroughly rinsed in several changes of hot deionized
water and dried over 24 hours at ~40°C. Distilled water was treated by filtration through a
Milli-Q purification system to yield deionized water of nominal resistivity 18.2 Mtlcm ' and
pH~6.8. The yield of degummed silk based on weight of fresh cocoons was
approximately 75%. The degummed silk was then dissolved in a 9.3 M LiBr (Aldrich
Chemical) aqueous solution at ~40°C for 2 hours at various bulk concentrations. The
solutions were carefully filtered through 0.45 |im Millipore filters and dialyzed against
several changes of deionized water for 72 hours, using a 12-14,000 cut-off
Spectrapor® membrane to permit regeneration. Low concentration silk fibroin solutions
were obtained by dilution of the as-prepared dialyzed solutions. In addition, a higher
concentrated silk solution (-20% dry wt.) was prepared by slowly evaporating off water.
The final solution concentrations were determined from dry weight measurements. All
solutions were stored at +5°C. The undialyzed solutions (in 9.3 M LiBr) appeared stable
with time, while the dialyzed solutions could precipitate after a certain period of time (5-6
days). Vigorous shaking or filtration after dialysis was avoided because it induced
extensive denaturation of the silk fibroin. The pH values of the solutions were found to lie
around 6.5-6.8 in pure water, and between 7.0-8.0 in presence of 9.3 M LiBr.
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'7-2.2 Instrumentation and MerhnHc
Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA)
measurements of the degummed Bombyx mori sUk fibres were performed on a Dupont
DSC 2910 instrument and a Dupont TGA 2950 differential thermomicrobalance under
nitrogen purging. About 4 mg of degummed silk fibres and heating rates of 10°C/min were
employed. The DSC measurements showed two endothermic peaks at about 100°C and
301 °C in agreement with earlier literature data.34 The first endothermic peak coinciding
with the approximately 4% weight loss in the TGA curve was attributed to the evaporation
of water in the fibres. The second endothermic peak at -301 °C was prominent and
suggested the thermal degradation of the silk fibres in the crystalline p-structure, which was
also measured in the TGA curve by an abrupt weight loss above 250°C.
Circular dichroism (CD) spectra of silk fibroin aqueous solutions were measured at
25°C using an Aviv 62DS CD spectrophotometer. Solutions were filled in a rectangular
quartz cuvette with a 0.1 cm optical path. Mean residue ellipticity values were expressed
for all wavelengths as deg.cmldmol"' and were calculated from the equation,
78
t0] = 0obs-io- ^ (7.1)
in which ©^^^ is the measured ellipticity in degrees, 78 is the mean residue molecular weight
for fibroin,35 d is the optical path in centimeters, and C is the protein concentration in
grams per milliliter.
Transmission infrared spectra were obtained with a FT-IR Bruker Model 1 13
spectrometer equipped with a liquid nitrogen-cooled wide-band mercury-cadmium-telluride
(MCT) detector. All transmission spectra were collected by coadding 512 scans at 2 cm '
resolution. Silk fibroin films were prepared by casting the regenerated fibroin solutions
onto thin polyethylene films and drying at room temperature. The dried films were peeled
off before measurement. Films treated with methanol (Fisher Scientific) were immersed
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into a 80% (v/v) methanol aqueous solution, then immediately washed with deionized
water. Transmission infrared spectra of the solutions were measured using a conventional
liquid cell with 25 ^m pathlength and calcium fluoride windows.
Raman spectra of the 20% dry wt. silk flbroin solution and its precipitate were
measured using a Bruker FT-Raman Model FRA 106 spectrometer with a 180°
backscattering collection geometry. A Nd:YAG-laser (1.064 ^m wavelength) was used as
irradiation source, and the laser output power was maintained at 300 mW. Spectra were
obtained by coadding 1024 scans in the 800-1800 cm ' region with a 4 cm ' spectral width
resolution.
The change of surface tension with time as silk fibroin adsorbed to the air-solution
interface of silk solutions for various fibroin concentrations was measured using a
homebuilt ring-balance apparatus (Prof. Barton's laboratory), equipped with a platinum
ring suspended from a Du Nouy torsion head. Solutions were prepared by dilution of the
original dialyzed solutions to the desired concentration right before the measurements. The
temperature of the air-conditioned laboratory in which the apparatus was located was kept
constant at 2rC ± TC. The surface tension was measured immediately after the solutions
were transferred into a cell. The surface excess concentration per unit area (F) and the area
per molecule (A) were evaluated from the Gibbs equation according to,
dbicloolRr) ^'^•^^
where y is the surface tension of the solute solution, C is the solute bulk concentration, R is
equal to 8.37x10^ niN/(K ^mor^), T is 294 K, and N is the Avogadro number. Prior to
these measurements, calibration of the tensiometer was achieved by recording the surface
tension of different solvents, much as the calibration of the Cahn electrobalance was
performed in Chapter 2 (section 2.4.1). In addition, equilibrium surface tensions of
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several poly(e,hylene ox.de) (M„ = 50 K) aqueous solutions were recorded as a fune.ion of
bulk concentracion. the treasured surface pressure - bulk concentration isotherms showing
an excellent agreement with the literature data.36,37
External reflectance infrared spectra were obtained with a Perkin-Elmer System 2000
FT-IR spectrometer equipped with a liquid nitrogen-cooled narrow-band mercury-cadmium-
telluridc (MCT) detector using an external reflection cell purchased from Graseby-Specac.
Although the angle of incidence may be varied from 0° to nearly 90^ measured relative to the
surface normal, all measurements described here were conducted at a 30" angle of incidence.
The external reflection cell was equipped with a removable Teflon'^'" trough. Particular
caution was taken to apply the aqueous silk solutions to the trough since solubility changes
could simply occur during the transfer procedure, precipitates or aggregates being formed.
Because the atmosphere surrounding the solute solution was somewhat changing between the
two measurements of the sample and reference (pure solvent) single-beam spectra, in
particular due to water evaporation, relatively noi.sy signals in the 1300-1800 cm ' region
could result of an incomplete compensation of the very strong water vapor bands in that
region. We were able however to diminish this effect by carefully controlling the atmosphere
in the sample compartment and ensuring identical conditions of temperature. Extreme care
was also exercised to obtain spectra at the same time period after the solutions for sample or
reference spectra were introduced into the trough. The scannings were all started 45 minutes
after the transfer of the solutions to the trough, which corresponds approximately to the
steady-state value of the surface tension results. Interfcrograms were collected at 4 cm '
resolution, apodized with a triangular function and Fourier transformed. In all cases 512
scans were coadded to obtain acceptable signal-to-noise ratios. The spectra were plotted in
absorbance units, i.e. - log,„(R/R,)), where R is the single-beam reflectance spectrum
obtained for the aqueous silk solutions and R„ the reference single-beam reflectance spectrum
for the pure solvent. Non-linearities in the baseline could occur on mismatch between the
sample and reference single-beam spectra. They appeared where the real part of the complex
1X1
refractive index of water undergoes large changes, and specifically in the regions of water
absorption bands around 3200-3800 cm
' (O-H stretch) and 1640 cm ' (H-O-H bend). In
order to enhance the signal-to-noise ratio in the most interesting spectral region between 1000
and 1800 cm unpolarized radiation was used. None of the spectra were smoothed.
Overlapping absorption bands in the amide I region (1720-1600 cm ') of the
external reflectance infrared spectra were separated by an iterative non-linear least squares
procedure38,39 assuming that each component could be represented by a linear combination
of Gaussian and Lorentzian band shapes according to,
I(v) = (l-PG)fL(v) + PGfG(v) (7.4)
with
fL(v) = Io/[l+4(v-Vo)V] (7.5)
and
fG(v) - lo exp[ - 4(ln2)(v - Vq)V] (7.6)
where is the weighting factor for the Gaussian function, and the intensity and
frequency of the peak maximum, and a its bandwidth at half-height. The computation was
performed using a Lab Calc® software package. Three absorption bands were normally
considered in the amide I region, one contribution centered around 1655 cm ' associated
with helical or disordered conformations and two contributions near 1625-30 and 1700 cm"'
characterizing the extended structure. Frequency, bandwidth at half-height, intensity, and
percentage of Gaussian and Lorentzian band shapes were all varied to obtain the best fit.
The resulting ^-square values were on the order of 10"\ The results were based on three
independent measurements. Note that the underlying water absorption in the amide I region
might have introduced errors which were difficult to account for.
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7-3 Results and Discussion
'^•^^ Spectroscopic Characterization of Solutions and Ca^st Filmc
The following experimental results show that Bombyx mod silk fibroin can
undertake several stable conformations depending on the given external conditions. The
broad negative band centered near 197 nm in the circular dichroism (CD) spectrum of a
dilute regenerated silk fibroin aqueous solution (0.1% dry wt.), shown in Figure 7.2
(curve (a)), corresponds to the tc-k* electronic transition of the peptide linkage and
suggests a largely disordered structure. The solution might contain a small fraction of (3-
sheet structure since the ellipticity is essentially negative at all wavelengths investigated.
These observations are consistent with the conformations determined from CD spectra of
other aqueous fibroin solutions found in the literature.2^3,35,40 xhe CD spectrum obtained
for silk fibroin in a 50% (v/v) aqueous methanol solution (curve (b)) shows this time a
negative band at -218 nm and a positive one at about 199 nm, corresponding to the n-7i*
and K-K* electronic transitions respectively. This agrees well with conclusions drawn
from previous infrared and circular dichroism studies, where addition of more than 30%
(v/v) methanol to aqueous silk solutions induced a coil-to-p transition.^
The Fourier transform transmission infrared spectrum shown in Figure 7.3,
obtained for a silk fibroin film cast onto a calcium fluoride disc from a 1% dry wt. dialyzed
solution and dried quiescently for 2 days at room temperature, shows characteristic bands
at 3290, 1654, 1538 and 1238 cm '. These bands have been assigned respectively to the
amide A, amide I, amide II and amide III vibrations for the disordered conformation.
Shoulders in the amide II and amide III regions at 1518 and 1260 cm"' respectively indicate
that some extended structure is also present in the fibroin film.
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Figure 7.2 Circular dichroism spectra of silk fibroin in (a) pure water and (b) 50%
(v/v) aqueous methanol.
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Figure 7.3 Transmission infrared spectrum of a silk fibroin cast film.
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lene
Figure 7.4 illustrates the transmission infrared spectrum of a freshly prepared silk
fibroin aqueous solution (2.6% dry wt.) (curve (a)) as well as spectra obtained for silk
fibroin membranes cast from this same solution at room temperature onto thin polyethyl,
films and subjected to different post-treatments (curves (b), (c), (d), (e)). The infrared
spectrum of the regenerated silk fibroin aqueous solution shows broad bands centered at
about 1662, 1535 and 1235 cm ' in the amide I, amide II and amide III regions,
respectively. Similar bands have been tentatively assigned to either the disordered chain
conformation, silk I form or turn structures.32,33 The observed frequencies and the spread
in the bandwidths may however not be due to the presence of one specific conformation but
rather reflect the contribution of several of these structures. The as-cast silk fibroin
membrane is soluble in water and gives characteristic absorption bands at about 1656, 1537
and 1235 cm"' (curve (b)), which have been assigned to the disordered and silk I
conformations.2i Immersion of silk fibroin membranes in an 80% (v/v) aqueous methanol
solution induces structural changes in the membranes. Additional absorption bands in the
amide I and amide III regions around 1630 and 1264 cm ', respectively, along with a
shoulder at -1700 cm"' in the amide I region are clearly observed (curves (c) and (d)). The
infrared data shows that a conformational transition from the disordered or silk I form to
the antiparallel P-sheet occurs, the fraction of the random coil contribution decreasing with
increasing methanol treatment time, which is in agreement with previous
investigations.3'21.22 xhe infrared data (curve (e)) obtained for silk fibroin membranes
which were oven-dried for 2 days at 45°C shows considerable differences from the
membranes dried at room temperature. The amide I and amide II regions are dominated by
strong bands at 1625 and 1525 cm"' respectively, together with a smaller component due to
crystal field splitting observed at 1700 cm ', characterizing the antiparallel (3-sheet chain
conformation.^'
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Figure 7.4 FT-IR spectra of silk fibroin in the amide A (top, A) and the amide I, II, and
III (bottom, B) regions for: (a) freshly made aqueous solution (2.6% dry wt.); (b) as-cast
membrane; (c) dried membrane immersed in methanol for 10 minutes; (d) dried membrane
immersed in methanol for 45 minutes; (e) oven-dried membrane.
186
It has been shown earher that vigorous stirring removes the whole of silk fibroin
from aqueous regenerated solutions in an hour or less, crystallites of the p-form being
produced right below the surface of the solutions .42 The conformational state of a highly
concentrated regenerated silk fibroin solution (20% dry wt.) is compared to the secondary
structure of its precipitate obtained by stirring the solution and dried at room temperature.
The upper curve (curve (a)) in Figure 7.5 corresponds to the FT-Raman spectrum of the
precipitate, the lower curve (curve (b)) to the FT-Raman spectrum of the regenerated silk
solution (20% dry wt.). In the lower curve, the broad peak at -1667 cm ' and the large
band near 1262 cm ', in the amide I and amide III regions respectively, suggest that the silk
fibroin in the concentrated solution is predominantly in the random coil conformation.27
The broad width of the bands may also indicate that these bands are the result of many
conformational contributions, including the contribution of amino-acid residues. The
additional bands at 943 and 1 104 cm ' due to skeletal stretching vibrations (C„-C and C„-N
stretching modes) have indeed been assigned to the a-helical conformation.24,31,43
upper curve, a splitting in two major components is easily observed in the amide III mode,
while the amide I band is represented by a single narrow band at 1664 cm"' characteristic of
the extended conformation. 27.33 jn the amide III region, the stronger band near 1229 cm"'
suggests that the precipitate is predominantly in the extended conformation while presence
of the contribution at -1263 cm"' indicates that some random coil conformation still remains
in the silk precipitate.24 In addition, the band observed at -1083 cm-i has been shown to
be characteristic of the p-sheet structure. 24,33,43
II
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Figure 7.5 Fourier transform Raman spectra of (a) silk fibroin precipitate and (b) silk
fibroin aqueous solution (20% dry wt.).
All these observations confirm scattered results from previous studies obtained on
solutions, films and precipitates of Bombyx mori silk fibroin using circular dichroism,
Raman and infrared spectroscopic techniques. To summarize, in the bulk of regenerated
aqueous solutions for a wide range of fibroin concentration and provided that these
solutions are not subjected to shear or flow fields, silk fibroin exists predominantly in the
disordered state, even at very high concentrations, with the presence of some helical and
extended structures. However, the secondary structure of the fibroin can be easily
transformed to the P-sheet conformation in aqueous solutions and cast membranes by
simply increasing the temperature, or inducing precipitation by methanol treatment or
stirring the solutions.
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7.3.2 Surface Tension Measurements
One property of silk fibroin is its high surface activity. We have observed
invariably the formation of a "solid film" on the surface of the silk solutions prepared. To
quantify the positive adsorption of molecular chains to the surface of the silk fibroin
solutions, surface tension measurements have been carried out at the air-silk solution
interface. The surface tensions of the regenerated silk fibroin solutions are measured as a
function of time for different bulk concentrations and under similar conditions of
temperature and humidity level. It can be seen in Figure 7.6 that the surface tension
reduction as silk molecules adsorb to the air-solution interface proceeds rather slowly. In
the range of concentrations considered, the surface tension (y) decreases with standing time
approaching a quasi-equilibrium value (yj after at least 35-40 minutes. The slow reduction
of surface tension with time may reveal the slow kinetics of interfacial layer formation but
also slow structural rearrangements in the adsorbed molecular layer.
The surface tension of the different solutions at zero standing time is reduced with
increasing initial bulk concentration. Since surface excess concentrations determined from
surface tension isotherms and the Gibbs equation are found to be accurate measures for the
adsorption of amphiphile systems, we have estimated the amount of molecules adsorbed to
the air-silk solution interface. Figure 7.7 shows the relationship between the surface
tension at equilibrium (yj and the logarithm of silk fibroin bulk concentration assuming a
molecular weight of 10^ An approximate linear relationship is obtained and a surface
excess concentration of 1.21x10-10 mol/cm2 is calculated from the slope, which is close to
the value found earlier by Yamaura42 of 1 .75. 10 '° mol/cml The negative value of
d(Ay)/dc indicates a positive surface excess concentration, i.e. a positive adsorption of the
solute to the air-solution interface.
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Figure 7.7 Surface tension at equilibrium as a function of initial bulk concentration.
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^^^ Spectroscopic rharacteri/ation at the Air-Silk .Sni„ tion Intc-rf.r.
The silk aqueous solutions, for which surface tension measurements have been
performed (section 7.3.2), are filled in a Langmuir trough and characterized by external
reflectance infrared spectroscopy. The following infrared data is collected after 45 minutes
standing time of the solutions in the trough. From the external reflectance infrared data
obtained directly at the air-solution interface of several regenerated silk fibroin aqueous
solutions, we can speculate on the nature of the interfacial microstructures. Also,
conformational changes on changing experimental parameters can easily be studied by
examining the spectral shifts. Figure 7.8 illustrates an external reflectance infrared
spectrum obtained at the air-solution interface of a silk fibroin aqueous solution (0.8% dry
wt.; pH = 6.8) at room temperature. This spectrum combines surprisingly characteristic
vibrational bands arising from both solute and solvent. Spectral features of the silk protein
arising mainly from the amide vibrations are oriented downwards while a large band in the
OH stretching region is directed upwards. We suspect that the OH stretching vibrational
band appears in the reflectance spectrum as the number of water molecules present at the
interface varies tremendously between the measurements of the reference and sample
single-beam infrared spectra. The water molecules accommodated between the silk
molecules at the air-solution interface are probably forced away from this interface as the
silk fibroin adsorption progresses and surface coverage increases. At last, the strong
upward band around 2300 cm"' is caused by the presence of CO2 in the sample
compartment.
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Figure 7.8 External reflectance infrared spectrum at the air-solution interface of a silk
fibroin aqueous solution (0.8% dry wt.).
The three infrared spectra shown in Figure 7.9 are representative of the silk fibroin
chain conformation at the air-solution interface for two aqueous solutions of different bulk
concentrations, and of the fibroin conformation in the presence of a highly concentrated salt
content. The upper spectrum (curve (a)) is obtained for a dilute silk aqueous solution
(0.02% dry wt.) of which intensity is multiplied by a factor of 4, the lower spectrum (curve
(c)) is obtained for an aqueous silk solution of higher bulk concentration (2.6% dry wt.),
and the middle one (curve (b)) for a 9.3 M LiBr silk aqueous solution of comparable bulk
concentration (2.7% dry wt.). The surface tension measurements of the three silk solutions
as a function of standing time are shown in Figure 7.10.
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It is well known that the presence of a high concentration of dissolved lithium
bromide has the effect of stabilizing silk fibroin m solution, and hence the values for the
surface tension at zero standing time as well as the equilibrium surface tension for the salt
solution are higher than the ones obtained for the aqueous silk solution of comparable
fibroin concentration with no added salt.44 The LiBr silk solution also appears extremely
stable as a function of standing time. In other words, the lower equilibrium surface
tensions of dialyzed solutions are probably indicative of more protein being present in the
immediate surface layer, and thus of a denser packing of molecular segments at the air-
solution interface than for undialyzed solutions of comparable bulk concentrations.
In Figure 7.9, the frequencies of the amide I, amide II and amide in bands obtained
for the lithium bromide silk solution (curve (b)) centered at about 1654, 1534 and 1229 cm ',
respectively, are consistent with the established values for the disordered state.32 The same
amide vibrations for the dialyzed silk solution of similar concentration (curve (c)) are
somewhat shifted to -1644, -1530 and 1231 cm ', respectively. It was found recently that
silk fibroin in Langmuir-Blodgett films prepared from Bombyx mori silk aqueous solutions
formed hexagonally packed three-fold helices, so-called silk III structure,45,46 similar to the
left-handed 3, -helix structure of polyglycine II. It has been also reported that polyglycine II
exhibits a strong amide I band near 1640 cm"' in the infrared.47-49 However, absorption
maxima in the amide I region observed around 1640-1648 cm"' for various proteins and
polypeptides have often been interpreted as the result of overlapping, unresolved absorption
bands arising from different conformations, such as the P-sheet, helical or turn structures
superimposed on disordered conformational bands. ^O-^' A rigorous characterization of the
silk conformation from the only interpretation of the amide I frequency seems here quite
difficult. Observation of the amide V band in the 600-700 cm"' region, which would require
the use of a wide-band infrared detector in our experiments, would be helpful in
differentiating between disordered and helical structures.
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Likewise, the difference in the frequency of the amide I band in the presence of a
high salt content may not be due to a definite conformational change from one type of
secondary structure to another, the conformational state distribution of the two silk
solutions at the air-solution interface appearing quite broad. This frequency difference may
rather reflect a loss of hydrogen bonding. It has been indeed postulated that presence of a
neutral salt at high concentration can have many effects on macromolecules in aqueous
solution by its bmding to the polymer and a strong competition with the solute for
hydrogen bonding.52 Alteration in the structure of water molecules surrounding the
polymer chains may also bring variations in the cohesive interactions determining the chain
folding.52,53 We may thus tentatively suggest an increase in the random-coil type
conformation as the salt content is increased while the spread in the amide I bandwidth in
the absence of salt reflects the presence of helical features and different degrees of chain
folding.54 •
The third infrared spectrum in Figure 7.9 obtained for the dilute silk solution (curve
(a)) shows clear spectral differences with the other two spectra. The amide I region shows
a distinct band shift to lower frequencies with a narrowed maximum close to 1627 cm ' and
an additional band at 1701 cm"'. The amide II region consists of a large single band
centered around 1530 cm"', while the amide III band has two distinct components at 1236
and 1261 cm"'. These frequencies are in excellent agreement with those expected for a (5-
sheet conformational with residual helical and disordered structure. Indeed, it has been
shown that collapsed Langmuir films of Bombyx mod silk fibroin removed from an
aqueous subphase exhibit predominantly a P-sheet conformation. 55
The amide I regions of the infrared reflectance spectra obtained at the air-solution
interface for several silk aqueous solutions of different bulk concentrations have been
resolved into Gaussian-Lorentzian components by means of an iterative computer program.
Non-linearity in the baseline and noisy signals due to the presence of water vapor do not
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always allow to achieve rigorous fittings. In addition, since the fibroin solutions are not
very stable, insoluble aggregates can easily be formed on handling the solutions. This may
affect not only the estimation of the solution concentrations but also structural changes
(denaturation) may be promoted. Figure 7.11 shows portion of the experimental spectrum
(full line, in negative absorbance units) already shown in Figure 7.9 (curve (a)) with
corresponding calculated Gaussian-Lorentzian line shapes (dashed lines). The relative
content of the P-structure conformation is roughly estimated from the relative ratio of the
different contributions A„ / (A. + A„),56 where A, and A„ are the areas under the band at
-1657 cm ' and the two bands near 1627 and 1701 cm ', respectively. The broad band
centered at 1657 cm ' is attributed to disordered or folded chain structures,5i the other
bands to the p-sheet conformation. The curve fitting parameters of the amide I region are
given in Table 7.3. In this case, the integrated area of the P-sheet contribution constitutes
nearly 5
1 % of the total area of the amide I region. The p-sheet or silk II content at the air-
solution interface for several other silk fibroin solutions are estimated and represented in
Figure 7. 12 as a function of their respective bulk concentration. One can easily observe
that the deconvoluted areas of the bands near -1645-1655 cm"' increase at the expense of
the p-sheet bands as the bulk concentration increases, i.e. the p-sheet conformation only
dominates at the air-solution interface for very low surface concentrations.
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Figure 7. 1 1 Curve fitting of the amide I region into three components.
Table 7.3 Band parameters of the amide I band. Abbreviations: L: Lorentzian- G-
Gaussian.
Designation Frequency (cm"') Half-Width (cm
') %L/G An
(3-sheet 1701 11.66 0.9998 0.02
disordered / helical 1657 43.93 0.0003 0.15
P-sheet 1627 21.74 0. 1 200 0.14
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Figure 7. 1 2 Estimation of silk II content at the air-solution interface of different
regenerated fibroin solutions.
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7.4 Conclusions
Due to its amphiphilic character, silk fibro.n
.s highly surface-active and can easily
adsorb to any surface over a wide range of concentrations. The presence of an interface, or
any anisotropic force field, as compared to the isotropic bulk phase, requires the
minimization of the energy of the system. Our experimental evidence suggests that the
molecular conformation of silk fibroin in solution is no longer preserved in the surface
layer of dilute solutions, i.e. at low surface molecular densities. A phase transition occurs
from a disordered state in the bulk solution to a more ordered state at the air-solution
interface, ordering and change in packing of the molecular chains probably occurring
during the adsorption process. From the surface tension data, it is undoubtedly observed
that the amount of molecules adsorbed per unit area increases with increasing bulk
concentration and multilayers of molecular chains are formed at the air-solution interface.
The spectroscopic data suggests that the extent to which adsorbed molecules change their
conformation after being adsorbed depends on the number of molecules adsorbed to the
interface. For low bulk concentrations, where the interface is not completely occupied,
conformational rearrangement of the adsorbed molecules is considerable. In the dilute
surface films, protein molecules tend to unfold and reveal more of their hydrophobic
interior, formation of inter- or intramolecular stabilizing interactions (such as hydrogen
bonding) may thus be favored in neighboring molecular segments. A two-dimensional
orientation of silk fibroin molecules in the plane of the solution surface seems to be at the
origin of the (3-sheet structure formation. This is evidenced by the frequency shift to lower
frequencies indicating that a conformational change accompanies the adsorption process.
At higher bulk concentrations, the adsorption tends to maximize the number of adsorbed
fibroin molecules at the solution surface and force water molecules to be expelled from this
same surface as the fibroin surface density increases. As the interface is completely
occupied, the shape of the adsorbed molecules is hardly affected. The percentage of
disordered / silk I structure at these high surface concentrations is largely increased. For
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intermediate bulk concentrations, it appears from the infrared data that the interfacial region
contains molecules in different degrees of unfolding.
200
References
(1)
(7)
Cunniff, P. M.; Fossey, S. A.; Auerbach, M A • Sone I W Tn v,7^ p ./
(2) lizuka, E. Biochim. Biophys. Acta 1968, 160, 454.
(3) lizuka, E.; Yang, J. T. Biochemistry 1968, 7, 2218.
(4) Hyde, A. J.; Wippler, C. J. Polymer Sci. 1962, 58, 1083.
(5) Sprague, K. U. Biochemistry 1975, 14, 925.
(6) Rudall, K. M.; Kenchington, W. A. Rev. Ent. 1971, 16, 73.
Marsh, R. E.; Corey, R. B.; Pauling, L. Biochim. Biophys. Acta 1955, 16, 1.
(8) Eraser, R. D. B.; MacRae, T. P.; Stewart, F. H. C. J. Mol. Biol. 1966, 19, 580.
(9) Eraser, R. D. B.; MacRae, T. P.; Stewart, F. H. C; Suzuki, E. J. Mol. Biol.
1965, / /, 706.
(10) Lotz, B.; Keith, H. D. / Mol. Biol. 1971, 61, 201.
(11) Lotz, B.; Colonna-Cesari, F. Biochimie 1979, 61, 205.
( 1 2) Fossey, S. A. ; Kaplan, D. In Silk Polymers: Materials Science and Biotechnology;
ACS Symposium Series ed.; D. Kaplan, Ed.; American Chemical Society-
Washington, 1994; Vol. 544; pp 270-282.
(13) Chen, C. C; Riou, S. A.; Hsu, S. L.; Stidham, H. D. Langmuir 1996, 12, 1035.
(14) Ishida, M.; Asakura, T.; Yokoi, M.; Saito, H. Macromolecules 1990, 23, 88.
(15) Magoshi, J.; Mizuida, M.; Magoshi, Y.; Takahashi, K.; Kubo, M.; Nakamura, S.
J. Polym. Sci., Polym. Phys. Ed. 1979, /7, 515.
(16) Magoshi, J.; Magoshi, Y.; Nakamura, S. J. Polym. Sci. Polym. Phys. Ed. 1981,
19, 185.
(17) Magoshi, J.; Magoshi, Y.; Nakamura, S. In Silk Polymers: Materials Science and
Biotechnology; D. Kaplan, Ed.; American Chemical Society: Washington, 1994;
Vol. 544; pp 292-310.
(18) lizuka, E.; Yang, J. T. Proc. Natl. Acad. Sci. USA 1966, 55, 1 175.
(19) Kobayashi, Y.; Fujiwara, T.; Kyogoku, Y.; Kataoka, K. In 1980; pp 149.
(20) Asakura, T.; Watanabe, Y.; Uchida, A.; Minagawa, H. Macromolecules 1984, 17,
1075 & 2421.
201
(21) A^akura, T, Kuzuhara, A, Tabeta, R, Saito, H. Macromolecules 1985, 18,
(22) Yoshimizu, H.; Asakura, T. J. Appl. Polym. Sci. 1990, 40, 1745.
(23) Fabian, H.; Anzenbacher, P. Vib. Spectrosc. 1993, 4, 125.
(24) Zheng, S.; Li, G.; Yao, W.; Yu, T. Appl. Spectrosc. 1989, 43, 1269.
(25) Magoshi, J. Kobunshi Kagaku 1974, 31, 648 & 765.
(26) Magoshi, J. Polymer 1977, 18, 643.
(28) Ambrose, E. J.; Bamford, C. H.; Elliott, A.; Hanby, W. E. Nature 1951 767
264. ' '
(29) Miyazawa, T.; Masuda, Y.; Fukushima, S. J. Polym. Sci. 1962, 62, S62.
(30) Miyazawa, T.; Shimanouchi, T.; Mizushima, S. J. Chem. Phys. 1958, 29, 611.
(31) Frushour, B. G.; Koenig, J. L. Biopolymers 1974, 13, 455.
(32) Miyazawa, T. In Poly-a-Amino Acids; G. D. Fasman, Ed.; Dekker- New York
1967; pp 69-103.
(33) Moore, W. H.; Krimm, S. Biopolymers 1976, 75, 2439.
(34) Magoshi, J. J. Appl. Polym. Sci. 1975, 79, 1013.
(35) Canetti, M.; Seves, A.; Secundo, F.; Vecchio, G. Biopolymers 1989, 28, 1613.
(36) Kim, M. W.; Cao, B. H. Europhys. Lett. 1993, 24, 229.
(37) Glass, J. E. J. Phys. Chem. 1968, 72
,
4459.
(38) Blume, A.; Huebner, W.; Messner, G. Biochemistry 1988, 27, 8239.
(39) Suzuki, E. Spectrochim. Acta 1967, 23A, 2303.
(40) lizuka, E.; Yang, J. T. Biochemistry 1966, 55, 1 175.
(41) Miyazawa, T.; Blout, E. R. J. Am. Chem. Soc. 1961, 83, 712.
(42) Yamaura, K.; Okumura, Y.; Matsuzawa, S. J. Macromol. Sci. -Phys. 1982, B21,
49.
(43) Itoh, K.; Oya, M. Polymer J. 1986, 75, 837.
(44) Adamson, A. W. Physical Chemistry ofSurfaces; 5th ed.; Interscience: New York,
1960.
202
(50)
(45) Valluzzi, R.; Gido, S. P. Biopolymers 1997, 42, 705.
(46) Valluzzi, R.; Gido, S. P.; Zhang, W
.; Muller W S • K-ml-.n n i
Macromolecules 1996, 29, 8606. ' ''P''""'
^
(47) Krimm, S.; Kuroiwa, K. Biopolymers 1968, 6, 401.
(48) Dwivedi, A. M.; Krimm, S. Biopolymers 1982, 2 /, 2377.
(49) Abe, Y.; Krimm, S. Biopolymers 1912, II, 1841.
Lenormant, H.; Baudras, A.; Blout, E. R. / Am. Chem. Soc. 1958, 80, 6191.
(51) Timasheff, S. N.; Susi, H.; Stevens, L. J. Biol. Chem. 1967, 242, 5467.
(52) Morita, K.; Simons, E. R.; Blout, E. R. Biopolymers 1968, 6, 181.
(54) Trabbic, K. A.; Yager, P. Macromolecules 1998, 31, 462.
(55) Muller, W^S.; Samuelson, L. A.; Fossey, S. A.; Kaplan, D. In Silk Polymers-
Materials Science and Biotechnology; D. Kaplan, Ed.; American Chemical Society
Washmgton, 1994; Vol. 544; pp 342-352.
^"
(56) Susi, H.; Timasheff, S. N.; Stevens, L. J. Biol. Chem. 1967, 242, 5460.
203
CHAPTER 8
CONCLUSIONS
After the successful design and construction of a Langmuir trough externally
coupled to an infrared spectrometer, our spectroscopic data has provided demonstration that
reasonable quality infrared data may be obtained for polymeric monolayer films present at
air-liquid interfaces. The in situ structural characterization has allowed not only the
determination of the conformations of adsorbed molecular films but also the observation of
two-dimensional order-disorder transitions, which in some cases were very different from
those of the bulk state. Kinetic studies of molecular chains adsorption to the air-water
interface were unfortunately not possible because of the high absoiptivity of water
especially at very short times of adsorption. One also required to collect a minimum
number of scans to reach sufficient sensitivity.
Future experiments would be to first examine systematically the influence of
chemical structure, molecular weight, and temperature on the conformational state of
molecular films at air-liquid interfaces, then to compare these results with those obtained
from the bulk state and from the same molecular films after Langmuir-Blodgett deposition.
This would allow to examine in particular the effect of drying and elongational flow during
the deposition process onto solid substrates. In addition, use of a polarized infrared
radiation, in both s- and p-directions, would allow the determination of the segmental
orientation in- or out-of-the plane of the air-liquid interface. The problem in controlling
over time the humidity level within the FT-IR sample chamber has rendered the acquisition
of infrared data with low level water vapor bands very difficult. Further possible
improvements to our external reflectance device would thus be a more accurate control of
both temperature and water vapor level within the spectrometer's sample chamber. A lime-
resolved monitoring of amide bands frequencies and intensities would permit the
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characteri^aUon of .n.erfaca, strucu,., rea,.a„ge.e„,,, wl,hi„ adsorbed laye. at surface
pressures other than steady-state values, before and after the adsorption of polypeptide
molecules has ceased.
The eonfomrational investigatton of polymer samples in restricted geometnes or at
interfaces by means of extemal refieetance infrared spectroscopy may lead to a considerable
amount of valuable information. A systematic investigafon of conformational changes
resulting from changes in the medium can be helpful in the characterization of less
frequently encountered conformations. The results in conjunction with the measurements
obtained from other techniques may also lead to a better understanding of the molecular
design parameters that can influence the formation of highly ordered structures.
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APPENDIX A
COMPUTER PROGRAM FOR THE LANGMUIR TROUGH MOTOR CONTROL AND
CAHN BALANCE ACQUISITION DATA
The following C program has been generated to control the motion of the
compression barriers of the homebuilt Langmuir trough and acquire analog data from the
Cahn electrobalance. This program includes buffered command strings of the X series
from Compumotor (PC23) to control acceleration, speed, number of steps, and motor
resolution. In addition, the PCLAB™ subroutine library software package has been
patched into the program for analog data acquisition.
/* main.h
* Header file for the main motor control program.
*/
#include <stdio.h>
#include <stdlib.h>
#include <ctype.h>
#include <string.h>
#include <conio.h>
#include <graph.h>
#include "pcldefs.h"
#include "pclerrs.h" /* PCLAB data acquisition library header */
#include "keyscan.h"
#define true 1
#define false 0
#defineCR OxOD
#define min_pos 7.90 /* limiting position for barrier (7.9 cm between barriers) */
#define max_pos 35.70 /* limiting position for barrier (36 cm between barriers) */
#define width 15.30 /* trough width in cm */
#define step_max 105230 /* maximum number of microsteps */
#define dist_max 13.90 /* corresponding maximum distance in cm */
#define max_surface 546.2 /* maximum surface area (cm^2) */
#define min_surface 120.9 /* minimum surface area (cm^2) */
#define PC23_ADDRESS 0x0300 /* default address from manufacturer */
typedef enum {POSITIVE, NEGATIVE} SIGN; /* direction flag for moving */
/* functions defined in strmisc.c */
void wait_for_key (void);
void clear_keyboard (void);
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void exit_program (void);
void save_data (char, char *);
double avg_volt_val (int);
'''''i
build_command_string (char *, double, double, doubles-
void build_home_command (char *, SIGN double)-
char pc23_ready (void);
char collide (double);
long W3pos (int);
/* functions on barrier movement, defined in strmov c */
int field_width (long);
long numberofsteps (double);
void distance_command (char [], double);
void velocity_command (char [], double);
void accel_command (char [], double);
/* time delay control function, defined in delay.c */
void delay (int);
/* A/D computation routine, defined in voltval.c */
double volt_val (void);
/* keyboard related routines defined in keyboards */
unsigned get_key (unsigned *);
/* barrier adjust routine defined in adjust.c */
double adjust (double);
/* pc23 functions */
void pc23_Initialize(void);
void writech (char);
char readch(void);
void writecmd(char *);
void readanswer(char *);
/* plotting functions in plotter2.c */
void plotjnit (char, unsigned int);
int IsInRange (unsigned int, unsigned int);
void plot_data (double, double, char);
/* global variables */
double last_pos;
double new_pos;
double initial_volt;
double first_volt;
double ref_volt;
double area_0;
double last_area;
/mAjt «J« ^t* %1* «X« ^J.* «J> mj^ «1> kA> ^1^ hj^ vL* vi' >^ ^l* ^4^ >L' %^ yl^ *^ *^ ^ ^ ^ ^ ^ ^ /
^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ -7* ^ -7* ^ ^ *7* ^ Vf* ^ *^ *^ ^ ^ ^ ^#^#^#^*^*^*TS<^<^-^-^*Xfc^^#j**X**X*'T*'T''^ 'T* •T»'T*'T**T^'T*'T'*T'"T*^^*'T*/
/* keyscan.h
* Keyboard scan codes for function keys.
*/
#define LFARROW •\x4b'
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#define
_RTARROW '\x4d'
#define
_END
'\x4f
'
#define_HOME
'\x47'
#define_INS
'\x52'
#define_DEL
'\x53'
#define_Fl
'\x3b'
#define_F2
'\x3c'
#define_F3
'\x3d'
#define
_F4
'\x3e'
#define_F5
'\x3f'
#define
_F6 '\x40'
/* keyboard.c */ '
#include <stdio.h>
#include <bios.h>
/* get_key
* Returns the ascii code. If zero, then, the scan code defines the character Useful for* function keys. ^^^i^i lui
*/
unsigned get_key (unsigned *scan)
unsigned keyboard;
:
keyboard =
_bios_keybrd(_KEYBRD_READ);
*scan = (keyboard» 8) & OxFF;
return (keyboard & OxFF);
}
/**********************************************
/* delay .c
* Provides a delay between instructions of the designated number of milliseconds.
*/
#include <time.h>
void delay (int milliseconds)
{
long start,now;
start = (long) clock();
do{}
while ((int)((long) clock() - start) < milliseconds);
}
**********************************************
/* plotter.c */
#include <stdio.h>
#include <conio.h>
#include <graph.h>
#define tmajor 5 /* length of a major tick */
#define tminor 2 /* length of a minor tick */
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enum {XO = 50, YO = 150, XI = 50, Yl = 450, X2 = 600 Y2 = 450]-
unsigned int xrange, yrange;
unsigned int xtdistance, ytdistance, xtick, ytick; /* globals */
void plotjnit (char function, unsigned int xrange)
charbuffer[80]; /* text buffer */
unsigned int xtik, ytik;
unsigned int cnt, cnt2, tnum, Xstart;
unsigned int tmdist;
xtik=l;
ytik = 1
;
ytick = 50;
yrange = 250;
if (function) {
Xstart = 0;
xtick = 60; /* 60 min per tick */
)
else {
Xstart = 0;
xtick = 50;
}
_registerfonts(
' '\\c700\\libW* . fon
" )
;
_setfont("t'Courier'hl2w6b"); /* set font: courier, h = 12, w = 6 */
_setcolor( 14); /* set foreground color */
_moveto(XO,YO); /* move cursor and plot X, Y axes */
Jineto(Xl,Yl);
_lineto(X2,Y2);
if (function)
tnum = (unsigned int) ((xrange / xtick) + 1); /* # of major ticks on X
else (tnum = (unsigned int) ((xrange / xtick) + 1));
xtdistance = (unsigned int) ((X2 - XO) / (tnum - 1));
/* distance between two adjacent minor ticks on X */
tmdist = (unsigned int) (xtdistance / (xtik + 1));
for (cnt = 0; cnt < tnum; cnt++) {
for (cnt2 = 1 ; cnt2 <= xtik; cnt2++) { /* draw minor ticks */
if (XI + cnt * xtdistance + cnt2 * tmdist > XI + (tnum - 1) * xtdistance)
break;
_moveto(Xl + cnt * xtdistance + cnt2 * tmdist, Yl);
_lineto(Xl + cnt * xtdistance + cnt2 * tmdist, Yl - tminor);
}
_moveto(Xl + cnt * xtdistance, Yl); /* draw major ticks */
_lineto(Xl + cnt * xtdistance, Yl - tmajor);
_moveto(Xl + cnt * xtdistance - 12, Yl +2);
sprintf(buffer, "%d", Xstart + cnt * xtick);
_outgtext(buffer);
}
tnum = (unsigned int) yrange / ytick + 1 ; /* # major ticks on Y */
ytdistance = (unsigned int) (Y2 - YO) / (tnum - 1);
tmdist = (unsigned int) ytdistance / (ytik + 1);
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for (cnt = 0; cnt < tnum; cnt++)
{
for (cnt2 = 1 ; cnt2 <= ytik; cnt2++)
{
brilk; " *
" '"'^ * '"^^^'^ < Yl - cnt * ytdistance)
_moveto(Xl, Yl - (cnt - 1) * ytdistance - cnt2 * tmdist)-
_lineto(Xl
- tminor, Yl - (cnt - 1) * ytdistance - cnt2 * tmdist);
_moveto(X 1 , Y 1 - cnt * ytdistance);
_lmeto(Xl - tmajor, Yl - cnt * ytdistance);
_moveto(Xl
- 6 * tmajor - 4, Yl - cnt * ytdistance - 6)-
sprmtf(buffer, "%d", cnt * ytick);
_outgtext(buffer);
}
int IsInRange (unsigned int x, unsigned int y)
if (x ==Olly == 0)
return 0;
else if (x > xrange II y > yrange) /* if out of range */
return 0;
}
void plot_data (double x, double y, char function)
_setcolor(12); /* set color for data points display */
if (function) {
_moveto((short) (XI + x * xtdistance / xtick), (short) (Yl - y * ytdistance / ytick))-
_lmeto((unsigned int) (X 1 + x * xtdistance / xtick), (unsigned int) (Y 1 -
^
y * ytdistance / ytick));
else {
_moveto((short) (XI + x * xtdistance / xtick), (short) (Yl - y * ytdistance / ytick));
/*
_lineto((unsigned int) XI + x * xtdistance / xtick
,
(unsigned int) Yl -
y * ytdistance / ytick); */
_rectangle(_GFILLINTERIOR, (short) (XI - 1 + x * xtdistance / xtick),
(short) (Yl - 1 - y * ytdistance / ytick),
(short) (XI + X * xtdistance / xtick),
(short) (Yl - y * ytdistance / ytick));
}
/*********************************************************
/* voltval.c
* Measures voltage value using DT 2805 board. Channel 0 is used. The gain is set to:
* 500 for the range 0-lOmV,
* 1 00 for the range 1 0- 100mV,
* 10 for the range lOOmV-1 V,
* 1 for 1V and over.
*/
#include <stdio.h>
#include <stdlib.h>
#include "pcldefs.h"
#include "pclerrs.h"
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double volt_val()
int i, n, noc, error, vol;
static int gain_val[4] = {500, 100, 10, 1 }•
static float high_val[4] = {0.020, 0.100, 'l.OOO, lOOOO]-
float lowvol, avol;
'
double current_volt;
error = 0x0;
i = 0;
noc = 4096; /* number of largest integer value (A/D resolution) */
,
^
/* 12-bit resolution or 1/2^12 or 1/4096 of input range */lowvol = 0.000
; /* lowest voltage for given range */
^
n
- 0; /* channel number */
error = adc_value(n, gain_val[i], &vol);
if (error != 0x0) {
printf("\n\n\n");
printf("ADC_VALUE error code returned is %d\n", error);
printfC'Refer to the PCLAB manual for error code descriptions \n")-
exit(l);
}
while ((vol >= (noc - 1)) && (++i < 4))
error = adc_value(n,gain_val[i],&vol);
avol = vol * ((high_val[i] - lowvol) / noc);
current_volt = (double) (avol * 1000);
retum(current_volt);
}
/* strmisc.c
* Miscellaneous functions supporting the main control program.
*/
/* Entries to this file:
* void wait_for_key (void): halts program till a key is hit.
* void clear_keyboard (void): clears pending keyboard input.
* void save_data (char, char *)
* void exit_program (void)
* double avg_volt_val (int): returns the average of num__values readings.
* void build_command_string (char *, double, double, double): creates command string.
* void build_home_command (char *, SIGN, double) : creates command string.
* char pc23_ready (void): polls the pc23 board, returns true when all commands complete.
* char collide (double): returns true if position exceeds limits or cause barrier to collide.
* long W3pos (int) : reports actual position,
*/
#include "main.h"
#define ASCIIZERO 48
void wait_for_key (void)
{
do{}
while (LkbhitO);
211
_getch(); /* clear out the character */
void clear_keyboard (void)
while (_kbhit())
_getch();
}
void save_data (char exp_status, char *fname)
char no_file;
FILE *data_out; /* output data file */
int ch;
charbuffer[80];
_clearscreen(_GCLEARSCREEN)
;
_settextposition(5,0);
if (!no_file) {
fclose(data_out);
if (exp_status) {
_settextcolor(15);
sprintf(buffer,
"In case there is some problem with experiment,");
_outtext(buffer);
sprintf(buffer, "should the file be saved anyway ?");
_outtext(buffer);
ch = _getch();
ch = toupper(ch);
if (ch != 'Y')
remove(fname);
}
}
}
void exit_program (void)
{
char buffer[80];
_settextcolor(12);
sprintf(buffer, "\n\nSession complete. Please shut down the instruments.");
_outtext(buffer);
delay(800);
exit(l);
_clearscreen(_GCLEARSCREEN);
}
double avg_volt_val (int num_values)
{
double temp;
int i;
for (i = 0, temp = 0.0; i < num_values; i++)
temp += volt_val();
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return (temp / ((double) num_values));
void build_home_command (char *str, SIGN signe, double velocity)
char vel_str[20], workarea[80];
strcpy (str, " ");
/* strcat(str, "MR 13");
strcat (str, " ");*/
strcat (str, "LDO");
strcat (str, " ");
strcat (str, "SSFl");
strcat (str, " ");
strcat (str, "MN");
strcat (str, " ");
strcat (str, "FSAl");
strcat (str, " ");
strcat (str, "GH");
if (signe == NEGATIVE)
strcat(str, "-");
else strcat(str, "+");
sprintf(workarea, "%1.41f', velocity);
strcat(str, workarea);
strcat (str, " ");
void build_command_string (char *str, double distance, double velocity, double
^
acceleration)
char vel_str[20], dist_str[30], accel_str[20];
velocity_command (vel_str, velocity);
distance_command (dist_str, distance);
accel_command (accel_str, acceleration);
strcpy (str, " ");
/* strcat (str, "MR13");
strcat (str, " "); */
strcat (str, "LDO");
strcat (str, " ");
strcat (str, "SSFl");
strcat (str, " ");
strcat (str, "MN");
strcat (str, " ");
strcat (str, "FSAl");
strcat (str, " ");
strcat (str, accel_str);
strcat (str, " ");
strcat (str, vel_str);
strcat (str, " ");
strcat (str, dist_str);
strcat (str, " ");
strcat (str, "IG");
strcat (str, " ");
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}char pc23_ready (void)
char workstr[50];
/*delay ( 1 00); */ /* put a delay in here */
wntecmdC 1 R "); /* request status for motor */
readanswer(workstr);
return (!strchr(workstr,(int)
'B'));
/* return whether indexer is busy or not */
char collide (double new_pos)
if ((new_pos > min_pos) II (new_pos < max_pos)) {
return true;
printfC'COLLISION");
wait_for_key();
else return false;
}
long W3pos (int axis)
{
char posreq[] = { " w3 "}, buffer[80];
char W3position[10];
long decimalposition;
posreq[0] = (char) (axis + ASCIIZERO);
writecmd(posreq);
readanswer(W3position);
W3position[0] = '0';
W3position[l] = 'x';
if (sscanf(W3position, "%li", &decimalposition) > 0)
return decimalposition;
else {
sprintf(buffer, "\n Failed to read with the W3 commandAn");
_outtext(buffer);
exit(l);
}
}
/* strmov.c
* Motor movement routines,
*/
#include <math.h>
#include "main.h"
/* First some constants and configurations.
* The OEM Step motor has a resolution of 25,000 steps per revolution. The screw #1
* attached directly to the motor is not geared ( 1 revolution of the motor yields to 1 turn of
* the screw). The screw #2 is geared at a ratio of 2: 1 (1 turn of the motor rotates the screw
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* Directionality
Lwidth (long number) /* returns the number of digits i
if (number == 0)
return (1);
else {
return ((int) (loglO((double) number) + 1.0));
long numberofsteps (double cm) /* return mteger number of steps to move distance
long logical_steps;
logicaLsteps = (long) (cm + 0.5); /* integer half round */
return (logical_steps);
void distance.corrmiand (char *string, double distance) /* stores direction command */
char workarea[20];
long temp;
strcpy(string, "D-");
temp = numberofsteps(distance);
sprintf(workarea, "%*ld", field_width(temp), temp);
strcat(string, workarea);
void velocity_command (char *string, double velocity) /* stores velocity command */
char workarea[20];
strcpy(string, "V");
sprintf(workarea, "%1.41f", velocity);
strcat(string, workarea);
void accel_command (char *string, double acceleration) /* stores acceleration command */
char workarea[20];
strcpy(string, "A");
sprintf(workarea, "%1.31f", acceleration);
strcat(string, workarea);
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* Header file for pc23.c.
*/
void pc23_Init ();
void pc23_WriteCh (char alpha)-
void pc23_WriteCmd (char *s)-
'
char pc23_ReadCh ();
void pc23_ReadStr (char *s);
int pc23_Status (unsigned int board);
void pc23_Stop (unsigned int board)'-
void pc23_Kill (unsigned int board)
-
void printstatusbyte (unsigned int board)-
typedef union { int status; struct {
unsigned axis_2 : 1
;
unsigned axis_l : 1;
unsigned axis_3 : 1
unsigned output_ready
: 1
;
unsigned input_ready
: 1
;
'
unsigned board_fail : 1;
'
unsigned interrupt_active
: 1
;
unsigned buffer_full : 1
;
) sbit; } status;
/**»*»***»*»******^^^^^
/* pc23cnew.c */ '
#include <stdio.h>
#include <conio.h>
#include <stdlib.h>
#defineFAIL
#define BIT2MASK
#define READY
#define CR
#defineCB
#define IDB_M
#define CHAR_READY
#define ODB
#define ACK
#define ALDONE
#define BADADDR
#define HALT
#define RESTART
0X20
0X04
0X16
OxOD
0X60
0X10
0X70
0X8
OXEO
0X02
OXFF
(CB I BIT2MASK)
0x40 /* byte to restart the pc23 */
void pc23_Initialize (void):
void writech (char);
char readch (void);
void writecmd (char *s);
void readanswer (char *s);
void pc23_stop (void);
void pc23_kill (void);
void pc23_continue (void);
int pc23_status (int);
typedef union {
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int status;
struct {
unsigned axis_2
unsigned axis_l
unsigned axis_3
unsigned output_ready
unsigned input_ready
unsigned board_fail
unsigned interrupt_active
unsigned buffer_full
} sbit;
} status;
int axis, address
;
address = 768; /* normally 300 hex */
void pc23_Initialize(void) /* reset pc23 board */
int status_addr = 0;
unsigned char statbyte;
status_addr = address + 1
;
outp(status_addr,HALT); /* initialize procedure */
while (!((statbyte = inp(status_addr)) & FAIL) )•
if(statbyte == BADADDR)
{
printf ("\n\nlnvalid address, check PC-23 dipswitches\n\n")-
exit(l);
}
outp(status_addr,RESTART);
outp(status_addr,CB);
^
while(((statbyte=inp(status_addr)) & READY) != READY);
void writech ( char alpha ) /* writes single character to pc23 */
while (!(inp(address+l) & IDB_M));
outp (address,alpha);
outp (address+1, CHAR_READY);
while (inp(address+l) & IDB_M);
outp(address+l,CB);
while (!(inp(address+l) & IDB_M));
return;
}
char readch(void) /* reads one character of pc23 response */
char alpha=0;
while (!(inp(address+l) & ODB));
alpha = inp(address);
outp (address+1,ACK);
while ((inp(address+l) & ODB));
outp (address+1,CB);
retum(alpha);
}
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void writecmd(char *s)
while (*s)
writech (*s++);
^
return;
void readanswer (char *s)
while ((*s++ = readchO) != CRV
*s = '\0';
^'
return;
}
void pc23_stop (void)
^
writecmdC IS ");
void pc23_kill (void)
writecmdC IK ");
void pc23_continue (void)
writecmdC IC ");
int pc23_status (int address)
int Status;
Status = address + 1
;
^
return ((int) inp(Status));
/* adjust.c
* Subroutines used to initialize the barrier position and move to next position. Reads from
^^keyboard, moves barrier accordingly, displays and returns current voltage values.
#include <graph.h>
#include "main.h"
#define ALDONE 0x02
#define READY 0x16
double adjust (double new_pos)
{
typedefenum {INWARD,OUTWARD} DIR_TYPE;
char buffer[80];
int response, address, i, ch;
unsigned scan_code;
double step, step_value, vel, vel_value, accel, accel_value;
double surface, area;
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static char *sens[3] = {';V'Home Setting Direction
: INWARD"
static char *c sens-
^'"'"^ OUTWARD"};
sSic cl;"*S] -P "r"""^ ^^^^ ^« ^^-^^^^ ^ero Position-}-
static ch" *h hole, */ insert-'"""
"'^ "^^^ ^'"^^^ ^-^^ Area"!';
DIR_TYPE direction;
SIGN step_dir;
char done, key_valid, do_step, go_home, set home-
char vel_str[20], dist_str[30], accel_str[201-
~
char go_str[10], dist[20], pos_str[20];
char first_time;
char command[80], answer[80], answerf[80], reponserSOl-
long position; ^ ^'
done = false;
direction = OUTWARD; /* initial direction */
step_dir = POSITIVE;
c_sens = sens[0];
h_home = home[0];
ijnsert = insert[0];
step = 0; /* step length in cm */
vel = 0.01
;
/* initial angular velocity is 0.01 rev/sec */
accel
- 0.01
;
/* initial acceleration is 0.01 rev/sec^2 */
answer == "";
command =="";
reponse == "";
go_home = false;
do_step = false;
set_home = false;
surface = new_pos * width;
if (new_pos == max_pos) {
h_home = home[l];
c_sens = sens [2];
go_home = true;
}
BEGIN:
clear_keyboard();
_clearscreen(_GCLEARSCREEN);
_settextposition(5,0);
_settextcolor(14);
sprintf(buffer, "Adjustment Procedure\n\n");
_outtext(buffer);
sprintf(buffer, " ************").
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, "\n\n\nMake sure that the ");
_outtext(buffer);
_settextcolor(12);
sprintf(buffer, "ABSOLUTE ZERO POSITION ");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, "has been redefined before");
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_outtext(buffer);
_settextcolor(12');
sprintf(buffer, "Home");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer,
" key function in Adjust \n"V
_outtext(buffer); " ^'
_settextcolor(15);
sprintf(buffer,
"\n\n\n\n\nThe current voltage value is : %3.21f mV \n"
_outtext(buffer);
(volt_vaI()
- ref_volt));'
sprintf(buffer, "\nTiie surface area between barriers to start with is : %3.21f cmA2.".
_outtext(buffer); surface);
step = (max_pos - new_pos) / 2;
if ((new_pos > max_pos) II (new_pos < min pos)) (
_settextcolor(12); -f \
sprintf(buffer, "\n\n! This will cause barriers to exceed limits '"v
_outtext(buffer); '
delay(2000);
_settextcolor(15);
!outTe%uSr)^^"^"^^' ^
"^"^ ^^'"^ ^""^ ^'^^ '^^^ ^^^^ ^"^'2 :");
fscanf(stdin, "%lf", &surface);
new_pos = surface / width;
_clearscreen(_GCLEARSCREEN);
goto BEGIN;
}
else {
sprintf(buffer, "\n\nThe barriers will move of %3.21f cm from the Absolute Zero
outtext(buffer);
PositionAn", step);
}
_settextposition(28,0);
_settextcolor(15);
sprintf(buffer, "Proceed with experiment or Adjust. Press ");
_outtext(buffer);
_settextcolor(12);
sprintf(buffer, "P");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, " or ");
_outtext(buffer);
_settextcolor(12);
sprintf(buffer, "A");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, "An");
_outtext(buffer);
response =
_getch();
220
response = toupper(response);
while ((response == 'A') && (!done)) {
command == ""It M
MM
answer ==
clear_keyboard();
,
while (!done) {
_clearscreen(_GCLEARSCREEN);
_settextcolor(14);
sprintf(buffer, "\nUse function keys to adjust as below \n\n")-
_outtext(buffer);
'
sprintf(buffer, "*********
_outtext(buffer); ^'
_settextcolor(15);
sprintf(buffer, " Right Arrow OUTWARD DIRECTION FORHOME POSITIONING\n")-
_outtext(buffer);
sprintf(buffer, " Left Arrow INWARD DIRECTION FORHOME POSITIONING\n");
_outtext(buffer);
sprintf(buffer, " Fl DECREASE SURFACE AREAVi")-
_outtext(buffer);
sprintf(buffer, " F2 INCREASE SURFACE AREAVn")-
_outtext(buffer);
sprintf(buffer,
" F3 DOUBLE VELOCITY\n");
_outtext(buffer);
sprintf(buffer,
" F4 HALVE VELOCITYNn");
_outtext(buffer);
sprintf(buffer,
"
F5 DOUBLE ACCELERATION\n");
_outtext(buffer);
sprintf(buffer,
" F6 HALVE ACCELERATION\n");
_outtext(buffer);
_settextcolor(14);
sprintf(buffer, " Home HOME SETTING : ABSOLUTE ZERO POSITION\n")-
_outtext(buffer);
sprintf(buffer,
" Insert MINIMUM SURFACE AREA SETTING\n");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, " Delete DISABLE HOME SETTING\n");
_outtext(buffer);
_settextcolor(12);
sprintf(buffer, " End EXIT\n");
_outtext(buffer);
_settextcolor(14);
sprintf(buffer, "\n! Velocity range must be within 0.0001-0.01 rev/sec");
_outtext(buffer);
sprintf(buffer, "\n! and Acceleration range within 0.001-0.01 rev/sec^2\n");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, "\nCurrent Velocity: %1.3If rev/sec", vel);
_outtext(buffer);
sprintf(buffer, "\nCurrent Acceleration: %1.31f rev/sec^2", accel);
_outtext(buffer);
sprintf(buffer, "\nCurrent Step from Absolute Zero Position: %2.21f cm", step);
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_outtext(buffer);
_settextcolor(12);
_settextposition(26,0);
sprintf(buffer, " %s", h_home);
_outtext(buffer);
_settextposition(26,0)
;
sprintf(buffer, " %s", ijnsert);
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, "\n %s", c_sens);
_outtext(buffer);
_settextcolor(12);
sprintf(buffer, "\n\nPlease enter function key now "V
_outtext(buffer);
"'
/* Range for A : 0.001-999.9 rev/sec'^2 */
/* D : 0-99,999,999 steps */
/* V
: 0.0001-2.00 rev/sec */
/* valid for motor 50,000 steps/revolution MR 13 and low velocity setting SSFl */
if ( !get_key(&scan_code)) { /* received a function key */
key_valid = true;
switch ((char) scan_code) {
case
_HOME:
h_home = home[l];
ijnsert = insert[0];
go_home = true;
c_sens = sens[2];
direction = OUTWARD;
do_step = true;
step = 0;
break;
case_INS:
^
h_home = home[0];
ijnsert = insert[l];
go_home = false;
c_sens = sens[0];
step= 13.8;
break;
case _DEL:
h_home = home[0];
ijnsert = insert[0];
go_home = false;
c_sens = sens[0];
break;
case _END:
done = true;
break;
case _F1:
h_home = home[0];
ijnsert = insert[0];
c_sens = sens[0];
go_home = false;
step += 0.2;
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break;
case
_F2:
h_home = home[0];
i_insert = insert[0];
c_sens = sens[0];
go_home = false;
step -= 0.2;
break;
case
_F3:
vel *= 2.0;
break;
case _F4:
vel /= 2.0;
break;
case _F5:
accel *= 2.0;
break;
case _F6:
accel /= 2.0;
break;
case _LFARROW:
direction = INWARD;
c_sens = sens[l];
do_step = true;
break;
case _RTARROW:
direction = OUTWARD;
c_sens = sens[2];
do_step = true;
break;
default:
key_valid = false;
} /* end of switch */
/* if a move is indicated, set up command strings and execute */
if (key_valid) { /* set up direction accordingly */
if (do_step) {
step_dir = (direction INWARD ? NEGATIVE : POSITIVE);
/* set up speed, step and acceleration */
if ((vel < 0.0001) II (vel > 0.01) II (accel < 0.001) II (accel > 0.01)) {
_settextcolor(12);
_settextposition(29,0);
sprintf(buffer, "!The new setting is out of range ! Please reset
parameter.");
_outtext(buffer);
delay(2000);
vel = 0.01;
accel = 0.01;
_clearscreen(_GCLEARSCREEN);
}
else if ((step > dist_max) II (step < 0)) {
_settextcolor(12);
_settextposition(29,0);
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sprintf(buffer, "!This will cause barriers to exceed limits ! Reset
_outtext(buffer); area.");
delay(2000);
step = 0;
_clearscreen(_GCLEARSCREEN);
else {
vel_value = vel;
accel_value = accel;
step_value = (step * step_max) /
(dist_max);
}
/* set up to absolute zero position */
if (go_home)
(set_home = true); /* build motion command */
else
(set_home = false);
} /* end of key_valid */
/* end of !get_key */
/* end of !done */
if (set_home)
build_home_command(command, step_dir, vel_value);
else build_command_string(command, step^value, veLvalue, acceLvalue);
KEY:
_clearscreen(_GCLEARSCREEN);
_settextposition(4,0);
_settextcolor(15);
sprintf(buffer, "The motion commands are :\n\n");
_outtext(buffer);
_settextcolor(14);
sprintf(buffer, "
_outtext(buffer);
sprintf(buffer, "%s", command);
_outtext(buffer);
_settextposition(9,0);
_settextcolor(15);
sprintf(buffer, "Strike following keys at any time : ");
_outtext(buffer);
_settextcolor(12);
sprintf(buffer, "\n\n Q");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, " to skip adjustment, ");
_outtext(buffer);
_settextcolor(12);
sprintf(buffer, "\n C");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, " to start motion.");
_outtext(buffer);
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response =
_getch();
response = touppcr(response)-
switch (response)
{
case 'Q'
: {
goto CONTINUE;
break;
}
case 'C : {
_settextcolor(12);
_setlextposition(18,0);
sprinlf(buffer, " Adjust the barriers "V
_outtext(buffer);
"'
clear_keyboard();
writecmd(command);
/* while ((inp(address+I)&ALDONE) !=ALDONEV *//* while (LkbhitO); */
i^uiNCj, /
_settextcolor(l5);
_settextposition(24,0);
writecmdC'IPR ");
sprintf(buffer, " The axis position is • ")•
_outtext(buffer);
'
/* if LkbhitO) {
clear_keyboard();
writecmdC'IS ");
goto KEY;
} */ /* endof kbhit */
readanswer(answer);
_settextcolor(l4);
sprintf(buffer, "%s\n", answer);
_outtext(buffer);
/* update counters */
area = (max_pos / 2 - step) * width * 2;
break;
}
default: {
sprintf(buffer, "\n\nlnvalid key, please try again...");
_outtext(buffer);
delay(800);
goto KEY;
break;
}
) /* end of switch */
/* clear out any struck keys in the keyboard buffer */
clear_keyboard();
CONTINUE:
_settextposition(26,0);
_settextcolor(15);
sprintf(buffer, "\nThe current surface area between the barriers is %3.2lf cm^2\n",
area);
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_outtext(buffer);
SSXffe;;^'™"'' "P^™-' - Adjusc 7 Press •);
_settextcolor(12');
sprintf(buffer, "P");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, " or ");
_outtext(buffer);
_settextcolor(12);
sprintf(buffer, "A");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, "An");
_outtext(buffer);
response =
_getch();
response = toupper (response);
if (response == 'A')
done = false;
_clearscreen(_GCLEARSCREEN);
} /* end of response == 'A' && !done */•
_clearscreen(_GCLEARSCREEN);
_settextposition(13,0);
_settextcolor(12); -
sprintf(buffer,
" Adjustment is terminated.. ")•
_outtext(buffer);
delay(500);
_clearscreen(_GCLEARSCREEN);
return (area);
}
I* main.c
* Main program: motor control and data acquisition.
* Sophie Riou
*/
#include <time.h>
#include <conio.h>
#include <stdlib.h>
#include <graph.h>
#include "main.h"
FILE *data_out; /* output data file */
char no_file;
char command_str[80]; /* command line no more than 80 chars */
char buffer[80];
/* functions for pressure-area-time and step-compression */
char step_compression (char);
char relaxation (char);
int main(void)
{
char fname[42];
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char *fptr;
char exp_status;
int experiment, number, i;
long voltjnterval;
double relaxation_delay;
int select, response;
double], new_surface, last_area, area;
double start_area, start_pos, end_area', end_pos-
double step_length, step, number_step;
double ref_volt;
double current_volt;
char experiment_begun, experiment_done-
char voltage_started; /* flag to indicate that voltage data is being collected */clock_t start_time, current_time, previous_time; ^
/
double elapsed_time, remaining_time;
char error, zero, function;
zero = false;
voltage_started = false;
experiment_done = false;
_clearscreen(_GCLEARSCREEN);
clear_keyboard();
_setvideomode(_VRES 1 6C0L0R);
_setbkcolor(_BLUE);
_settextcolor(14);
sprintf(buffer, "\n\n\n Main Program for Motor Control and Analog/Digital
./u ^ Conversion");
_outtext(buffer);
sprintf(buffer, "\n\n Sophie Riou - February 1996\n");
_outtext(buffer);
sprintf(buffer," ");
_outtext(buffer);
_settextposition(26,0);
_settextcolor(12);
sprintf(buffer,
"
Please ensure all power is on and Wilhelmy plate is mountedVn");
_outtext(buffer);
sprintf(buffer, "\n Strike any key when ready...");
_outtext(buffer);
wait_for_key();
pc23_Initialize(); /* initialize the pc23 board */
if (initializeO) { /* initialize the PCLAB software */
printf("Could not initialize A/D board\n");
exit(l);
}
select_board(l); /* select the right unit for DT2805 */
initial_volt = avg_volt_val(10);
DEBUT:
_clearscreen(_GCLEARSCREEN);
_settextcolor(14);
sprintf(buffer, "\n\nPlease select following instructions to initialize set up :\n\n");
_outtext(buffer);
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'^n,f^!'/J«\ -\n\nV,\n\n");
_outtext(buffer);
_settextcolor(3);
!'oS(S '™ PositionMn");
sprintf(buffer, "2) Pressure-Time Experiment \n\n")-
_outtext(buffer);
'
sprintf(buffer, "3) Pressure-Area Experiment \n\n")-
_outtext(buffer);
_settextcolor(15);
sprintf(buffer,
"\n\n\nEnter the type of initialization or")-
_outtext(buffer); ^'
_settextcolor(12);
sprintf(buffer, "0");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, " to exit : ");
_outtext(buffer);
fscanf(stdin, "%d", &select);
switch (select) {
case 0:{
sprintf(buffer,"\n\n Are you sure ? Press ");
_outtext(buffer);
_settextcolor(12);
sprintf(buffer, "Y ");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, "or ");
_outtext(buffer);
_settextcolor(12);
sprintf(buffer, "N");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, "An");
_outtext(buffer);
response =
_getch();
response = toupper(response);
if (response == 'N')
goto DEBUT
;
else exit_program();
break;
}
case 1:{
_settextposition(26,0);
sprintf(buffer, " Get ready to clean up the trough and adjust the barriers
position\n");
_outtext(buffer);
sprintf(buffer, "\n to the Absolute Zero.");
_outtext(buffer);
_settextcolor(12);
sprintf(buffer, " Strike any key when ready...");
_outtext(buffer);
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_settextcolor(15);
wait_for_key();
_clearscreen(_GCLEARSCREEN);
last_area = adjust(max_pos);
goto BAD_KEY;
break;
}
case 2: {
goto BAD_KEY;
break;
}
case 3: {
goto BAD_KEY;
break;
}
default: {
goto DEBUT;
break;
}
} /* end of select */
BAD_KEY:
_clearscreen(_GCLEARSCREEN);
_settextcolor(14);
sprintf(buffer, "\n\n\nBefore beginning any experiment, please make sure that the
./u rr X barriers\n\n");
_outtext(buffer);
sprintf(buffer, "are at the Absolute Zero Position");
_outtext(buffer);
sprintf(buffer, "\n\n \n");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, "\n\n\nThe surface area between the barriers is now : %3.21f cm^2",
last_area);
_outtext(buffer);
ref_volt = avg_volt_val(10);
sprintf(buffer, "The average voltage output is currently: %3.21f mV\n\n", ref_volt);
_outtext(buffer);
sprintf(buffer, "\nDo you need to modify the current barrier position before startingVn");
_outtext(buffer);
sprintf(buffer, "\nthe experiment ? Press");
_outtext(buffer);
_settextcolor(12);
sprintf(buffer, " Y ");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, "or");
_outtext(buffer);
_settextcolor(12);
sprintf(buffer, " N");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, "An");
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_outtext(buffer);
response =
_getch();
response = toupper(response);
if (response == 'Y') {
sprintf(buffer, "\nEnter the new surface area to achieve in cm^2 • "V
_outtext(buffer);
fscanf(stdin, "%lf", &new_surface);
new_pos = new_surface / width;
last_area = adjust(new_pos);
/* return value from adjust */
_settextcolor(15);
_settextposition(8,0);
sprintf(buffer, "The surface area is now : %3.21f cm'^l" last area)-
_outtext(buffer);
ref_volt = avg_volt_val(10);
sprintf(buffer, "\n\nThe average voltage output after adjustment is now : %3.21f mV",
_outtext(buffer);
_settextcolor(12);
sprintf(buffer, "\n\n\n\nPress any key to continue...");
_outtext(buffer);
wait_for_key();
}
else {
_settextcolor(12);
sprintf(buffer, "\n\n\n\nPress any key to continue...");
_outtext(buffer);
wait_for_key();
}
no_file = false;
clear_keyboard();
for(;;){
MENU:
_clearscreen(_GCLEARSCREEN);
_settextposition(5,0);
_settextcolor(15);
sprintf(buffer, "Enter file name to save the data (");
_outtext(buffer);
_settextcolor(12);
sprintf(buffer, "CR
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, "for non-saved): ");
„outtext(buffer);
*fname = 40; /* filename no longer than 40 chars */
fptr = cgets(fname);
/* read filename from console, set fptr to it */
if (!strlen(fptr))
no„file = true; /* no filename, file does not exist */
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^^^^
^
. .
/* open ftpr for writing */
'^^(^^ta_out = fopen(fptr,"w")) == NULL ) {
_clearscreen(_GCLEARSCREEN)-
_settextposition(7,0);
!ouS(bu?feri^"'" '''^Um" ,0 terminate: \„");
fptr = cgets(fname);
if (strcmp(strupr(fptr),"QUIT") == 0) i
_settextcolor(12);
sprintf(buffer, "Abort\n");
_outtext(buffer);
delay(lOOO);
exit(l);
}
} while((data_out = fopen(fptr,"w")) == NULL)-
no_file = false;
) /* end of if */
} /* end of else */
_settextposition(10,0);
_settextcolor(14);
sprintf(buffer, " Select Experiment's type VnXn")-
_outtext(buffer); ^'
sprintf(buffer, " \n\n")-
_outtext(buffer);
_settextcolor(3);
sprintf(buffer,
" 1 ) Pressure Time Isotherm \n\n")-
_outtext(buffer);
sprintf(buffer,
" 2) Pressure Area Isotherm.\n\n")-
_outtext(buffer);
sprintf(buffer, " 3) Pressure Relaxation.\n\n")-
_outtext(buffer);
sprintf(buffer, " 4) Menu.\n");
_outtext(buffer);
_settextposition(22,0);
_settextcolor(15);
sprintf(buffer, " Enter experiment type (");
_outtext(buffer);
_settextcolor(12);
sprintf(buffer, "0 ");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, "to exit): ");
_outtext(buffer);
fscanf(stdin, "%d", &experiment);
switch (experiment) {
case 0: {
sprintf(buffer,"\n\n Are you sure ? Press ");
_outtext(buffer);
_settextcolor(12);
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sprintf(buffer, "Y ");
_outtext(buffer);
_settextcoIor(15);
sprintf(buffer, "or ");
_outtext(buffer);
_settextcolor(12);
sprintf(buffer, "N");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, "An");
_outtext(buffer);
response =
_getch();
response = toupper(response);
if (response == 'Y')
exit_program();
break;
}
case 1: {
function = true; /* means step_compression as function of time '
exp_status = step_compression(function);
save_data(exp_status, fname);
/*
_settextcolor(15);
_settextposition(5,0);
sprintf(buffer, "The Pressure-Time Experiment is terminated \n"V
_outtext(buffer); -
'
_settextcolor(15);
sprintf(buffer, "\n\nDo you want to go back to menu Press"V
_outtext(buffer); ' ^'
_settextcolor(12);
sprintf (buffer, " Y ");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, "or");
_outtext(buffer);
_settextcolor(12);
sprintf(buffer, " N");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, "An");
_outtext(buffer);
response =
_getch();
response = toupper(response);
if (response == 'Y')
goto MENU;
else (exit_program()); */
goto MENU;
break;
}
case 2: {
function = false; /* means step_compression function of area */
exp_status = step_compression(function);
save_data(exp_status, fname);
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_settextcolor(15);
_settextposition(5,0);
tttSuS;;;""^ ^^P-™- terminated.^,;
_settextcolor(12);
sprintf(buffer, "Y");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, " or ");
_outtext(buffer);
_settextcolor(12);
sprintf(buffer, "N");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, "AnVi");
_outtext(buffer);
response =
_getch();
response = toupper(response);
if (response == 'Y')
goto MENU;
else (exit_program());
break;
}
case 3: {
function = true; /* means relaxation as function of time */
exp_status = relaxation(function);
save_data(exp_status, fname);
goto MENU;
break;
}
case 4: {
goto DEBUT;
break;
}
default: {
_settextcolor(12);
sprintf(buffer, "\n\nlnvalid Experiment Type %d", experiment);
_outtext(buffer);
delay(lOOO);
goto MENU;
break;
}
} /* end of switch */
} /* end of for */
return 0;
} /* end of main program */
char step_compression (char function)
/*
* While waiting for a predefined time interval, after setting the
* new positioning increment, the program will collect voltage
* values at a designated interval. If instructed, data will only
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* be collected after the compression step has been completed
*/
{
double end_surface, start_surface, intermed_surface, last area- /* in ch^ao */double end_pos, start_pos, intermed_pos- ' """^ ^ ^
double first_pos, second_pos; /* in cm */
int number_steps, loop, 1;
double i, increment, increment_l, increment_2-
double step step_l,step_2,step_value, distance; /* in cm */double speed, acceleration; /* in rev/sec and rev/sec-2 */double speed_value, acceleration_value; /* in cm/sec, cm/sec^2*/
ong time_per_step, time_per_step_l, time_per_step_2-
long volt_mterval, relaxation_delay; /* in sec or'millisec */
char get_compr_data; /* flag to indicate that data should be */
double current_volt;
^* compression is being applied */
char experiment_begun;
char experiment_done, loop_done;
char voltage_started; /* flag to mdicate that voltage data is being collected */
char response; ^ v^ii«-viuu /
char command[80];
SIGN step_dir; -
clock_t start_time, current_time, previous_time;
double elapsed_time, remaining_time;
char error, zero;
char answer[30];
char *coord[3] = {"AREA (cm'^2)", "VOLTAGE (mV)", "TIME (min)"}-
unsigned int xrange;
double current_x;
double current_y;
zero = false;
voltage_started = false;
experiment_done = false;
loop_done = false;
get_compr_data = true;
do {
PARAM:
clear_keyboard();
_clearscreen(_GCLEARSCREEN);
_settextcolor(14);
_settextposition(2,0);
sprintf(buffer, "Step Compression ExperimentVn");
_outtext(buffer);
sprintf(buffer, " - \n\n");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, "Enter the number of loop sequences : ");
_outtext(buffer);
fscanf(stdin, "%d", &loop);
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if (loop == 0)
1--1;
else (1 = 0);
fscanf(stdin,
"%lf", &slart_surface)-
fscanf(stdin, "%lf", &intermed_surface)-
!ouS(b5fe;;^"'^' -^-^ '° -h-e in
fscanf(stdin,
"%lf", &end_surface)-
!ouS(bu?^;f °f «^P^ desired:");
fscanf(stdin, "%d", &number_steps)-
TuS(S^ ^^'^ ^^^'-^ (O OOO' <= speed <= 0.01) : ");
fscanf(stdin, "%lf", &speed);
!out"tSllK^
-^^^leration rate in rev/sec-2 (0.001 <= accel <= 0.01)
:
fscanf(stdin, "%lf", &acceleration)-
If (((speed < 0.0001) II (speed > 0.01)) II ((acceleration < 0.001) II
. I
(acceleration > 0.01))) (
_settextcolor( 12); '^^ ^
sprintf(buffer, "!!The parameters are out of ranee""V
_outtext(buffer); ^ ' ^'
delay(500);
goto PARAM;
}
'omTexX^Sr'?"^"^"^"^
relaxation delay between compression steps (in sec) : ");
fscanf(stdin, "%ld", &relaxation_delay);
sprintf(buffer, "\n\nlnput voltage data collection period (in sec) • "V
_outtext(buffer); ^ ^'
fscanf(stdin, "%ld", &volt_interval);
sprintf(buffer, "\n\nlnput maximum X-axis plotting limit")-
_outtext(buffer);
s a
if (function) {
sprintf(buffer, " (60, 120,..., minutes) : ");
_outtext(buffer);
fscanf(stdin, "%u", &xrange);
else {
sprintf(buffer, " (550, 450, 350, 250 or 150 cm^2) : ");
_outtext(buffer);
fscanf(stdin, "%u", &xrange);
end_pos = end_surface / width;
start_pos = start_surface / width;
intermed_pos = intermed_surface / width;
if (start_pos > intermed_pos)
{
step_l = (start_pos - intermed_pos) / 2;
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increment_l = step_I / number_steps;
else {
step_l = (intermed_pos - start_pos) / 2-
increment_l = step_l / number_steps;
'
if (intermed_pos > end_pos)
{
step_2 = (intermed_pos - end_pos) / 2-
increment_2 = step_2 / number_steps;
'
else {
step_2 = (end_pos - intermed_pos) / 2-
mcrement_2 = step_2 / number_steps;'
sprintfCbuffer, "\n\nCompression increments
: %3.21f cm and %3.21f cm"
_outtext(buffer);
increment,!
,
increment_2);'
speed_value = speed * 3.27; /* in cm/sec smce 1 rev = 3 27 cm
acceleration_value = acceleration * 3.27; /* in cm/sec^2 */
time_per_step_l = (long) (increment_l / speed_value + relaxation delav)-
r^&K-?f (increment_2 / speed_value + relaxation~delay
'
spnntf(buffer, "\nTime per step: %ld sec and %ld sec", time_per_step_l
_outtext(buffer);
' time_per_slep_2-);'
_settextposition(28,0);
sprintf(buffer, "Are these parameters acceptable ^ Press"V
_outtext(buffer);
'
_settextcolor(12);
sprintf(buffer, "Y");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, " or ");
_outtext(buffer);
_settextcolor(12);
sprintf(buffer, "N");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, ".");
_outtext(buffer);
response =
_getch();
response = toupper(response);
} while (response != 'Y'); /* end of loop parameters */
_settextposition(28,0);
sprintf(buffer, "Ready to move to Start position ? Press any key or");
_outtext(buffer);
_settextcoIor(12);
sprintf(buffer, "Q");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, " to quit.");
_outtext(buffer);
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response =
_getch();
response = toupper( response)-
if (response == 'Q')
{
_clearscreen(_GCLEARSCREEN)-
_settextposition(15,0);
_settextcolor(15);
sprintf(buffer, " Press")-
_outtext(buffer);
_settextcoIor( 1 2);
sprintf(buffer, " Y ");
_outtext(buffer);
_settextcolor( 1 5);
!ou«SSfe;);° '^^ ^™"P--'» experi,.e„.V„\„");
sprintf(buffer, "or any key to quit application ")
_outtext(buffer);
"
response =
_getch();
response = toupper(response);
if (response ~ 'Y')
goto START;
else {
goto EXIT_STEP;
experiment_done = true;
}
} /* end of if */
while (!experiment_done) { /* start of experiment */
/* adjusts to start position and waits for signal to begin loop */
if (start_pos > intermed_pos)
distance = (max_pos - start_pos) / 2;
else (distance = (max_pos - start_pos) / 2);
step_value = (distance * step_max) / (dist_max);
POS:
build_command_string(command, step_value, speed, acceleration);
_clearscreen(_GCLEARSCREEN);
_settextposition(4,0);
_settextcolor(15);
sprintf(buffer, " The motion commands are : \n\n");
_outtext(buffer);
_settextcolor(14);
sprintf(buffer, " ");
_outtext(buffer);
sprintf(buffer, "%s", command);
_outtext(buffer);
_settextposition(9,0);
_settextcolor(15);
sprintf(buffer, "Strike following keys at any time : ");
_outtext(buffer);
_settextcolor(I2);
sprintf(buffer, "\n\n Q");
_outtext(buffer);
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_settextcolor(15);
sprintf(buffer, " to skip adjustment
_outtext(buffer); ' ^'
_settextcolor(12);
sprintf(buffer,
"\n C")-
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, " to start motion ")•
_outtext(buffer);
response =
_getch();
response = toupper(response);
switch (response) {
case 'Q'
: {
_clearscreen(_GCLEARSCREEN)-
_settextposition(15,0);
_settextcolor(15);
sprintf(buffer, " Press");
_outtext(buffer);
_settextcolor(12);
sprintf(buffer, " Y ");
_outtext(buffer);
_settextcolor(15);
!om?ex?S^^^
''''' immediately the Compression expenment\n\n");
sprintf(buffer, "or any other key to quit appHcation ")•
_outtext(buffer);
'
response =
_getch();
response = toupper(response);
if (response == 'Y')
goto START;
else goto EXIT_STEP;
break;
}
case 'C : {
SUITE:
_settextcolor(12);
_settextposition( 1 7,0);
sprintf(buffer, " Adjust the barriers...");
_outtext(buffer);
clear_keyboard();
writecmd(command)
;
_settextcolor(15);
_settextposition(2 1 ,0);
writecmd(" IPR ");
sprintf(buffer,
" The axis position is : ");
_outtext(buffer);
readanswer(answer);
_settextcolor(14);
sprintf(buffer, "%s\n", answer);
_outtext(buffer);
_settextcolor(15);
_settextposition(27,0);
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sprintf(buffer, " Press ")•
_outtext(buffer);
_settextcolor(12);
sprintf(buffer,
"Y");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer,
"when readv to start Cc^rr^r.^^
_outtext(buffer); ^ Compression experiment or\n");
_settextcolor(12');
sprintf(buffer,
"\n Q")-
_outtext(buffer);
_settextcolor(15);
spnntf(buffer, " to quit application \n")-
_outtext(buffer); " ^'
_settextposition(23,0);
sprintf(buffer,
" Current voltage (mV) • "V
_outtext(buffer); ^ ^ ^" ^'
clear_keyboard();
do {
current_volt = avg_volt_val(]0) - ref volf
_settextposition(23,28);
sprintf(buffer, " %3.21f", current volt)-
_outtext(buffer);
~
delay(lOO);
} while (!_kbhit());
response = toupper(_getch());
switch (response)
{
case 'Y' : {
goto START;
break;
}
case 'Q' : {
_clearscreen(_GCLEARSCREEN);
_settextposition(15,0);
_settextcolor(15);
sprintf(buffer, " Press");
_outtext(buffer);
_settextcolor(12);
sprintf(buffer, " Y ");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, "to start immediately the Compression experiment\n\n")-
_outtext(buffer);
sprintf(buffer, "or any key to quit application.")-
_outtext(buffer);
response =
_getch();
response = toupper(response);
if (response == 'Y')
goto START;
else goto EXIT_STEP;
break;
}
default : {
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goto SUITE;
break;
}
} /* end of switch */
} /* end of case 'C */
I /* end of switch */
START:
_clearscreen(_GCLEARSCREEN)-
/* start the loop sequence */
for (1; l<loop; 1+=1) {
experiment_begun = false;
loop_done = false;
step = step_l;
increment = increment_l;
first_pos = start_pos;
second_pos = intermed_pos;
time_per_step = time_per_st'ep_l;
/* starts compression-decompression step */
for (i=increment; i<=step; i+=increment)
{
command == "";
if (first_pos > second_pos)
distance = (max_pos - first_pos) / 2 + i;
else (distance = (max_pos - first_pos) / 2 - i);
step_value = (distance * step max) / (dist max)-
STEP_COMP: ^ ^ - J,
build_command_string(command, step_value, speed, acceleration);
experiment_done = false;
voltage_started = false;
clear_keyboard();
previous_time = - 1 000000; /* force first data point to collect */
plot_init(function, xrange);
_moveto(5,350);
_setgtextvector(0,l);
_outgtext(coord[l]);
_moveto(275,465);
_setgtextvector(l,0);
if (function)
(_outgtext(coord[2]));
else (_outgtext(coord[0]));
_settextposition( 1 ,0);
_settextcolor(15);
sprintf(buffer, "\nThe motion commands are :");
_outtext(buffer);
_settextcolor(14);
sprintf(buffer, " %s\n", command);
240
_outtext(buffer);
_settextposition(4,0);
_settextcolor(12)-
!^urtSt(S;f'"''^ ""^ ---n « any ,i™e.");
clear_keyboard(');
writecmd(command);
/*
_settextcolor(15);
_settextposition(21,0);
writecmd("lPR ");
sprintf(buffer,
" The axis position is • "V
_outtext(buffer);
'
readanswer(answer);
_settextcolor(14);
sprintf(buffer, "%s\n", answer);
_outtext(buffer); */
_settextcolor(15);
_settextposition(6,0);
sprintf(buffer, " Next surface area (cm^2) • ")•
_outtext(buffer);
_settextposition(7,0);
sprintf(buffer,
" Current voltage (mV) : ");
_outtext(buffer);
_settextposition(8,0);
sprintf(buffer, "Remaining time for relaxation step (sec)-")-
_outtext(buffer); ^ ^
^'
experiment_begun = true; /* compression has been started */
last_area = (max_pos / 2 - distance) * width * 2;
remaining_time = (double) (time_per_step);
elapsed_time = 0;
if (get_compr_data)
start_time = clock();
do {
/* should we collect voltage data before compression stops ? */
if (get_compr_data) {
voltage_started = true;
}
/* check to see if we have to turn on voltage collecting */
if (!voltage_started) {
if ( !get_compr_data) { /* start collecting data */
start_time = clock();
voltage_started = true;
}
}
/* if time, collect a voltage data point */
if (voltage_started) {
current_time = clock() - start_time;
elapsed_time = ((double) current_time) / 1000;
remaining_time = (double) ((time_per_step * 1000 - current_time) / 1000)
if ((current_time - previous_time) > (voltjnterval * 1000)) {
/* time to get a point */
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if (elapsed_time != 0) {
fprintf(data_out,"%lf %3.21f %3.2mn", elapsed time
currency = current volt;
^"'"^^"^-^^l^' l^^^.area);'
if (function)
current_x = elapsed_time / 60-
else (current_x = (unsigned int) last_area)-
^
plot_data(current_x, current_y, function);'
previous_time = current_time;
}
}
_settextposition(6,30);
sprintf(buffer,
"%3.21f", last_area)-
_outtext(buffer);
_settextposition(7,27);
sprintf(buffer, "%3.21f", current_volt)-
_outtext(buffer);
_settextposition(8,45);
sprintf(buffer, "%6.01f", remaining_time)-
_outtext(buffer);
if (_kbhit()) { /* potential user interrupt */
clear_keyboard(); /* clear out for multiple hits */
writecmdC'lS ");
goto EXIT_STEP;
_settextposition(4,0);
_settextcolor(15);
sprintf(buffer, "Do you wish to terminate the run prematurely Press
_outtext(buffer);
_settextcolor(12);
sprintf(buffer, "Y");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, " or ");
_outtext(buffer);
_settextcolor(12);
sprintf(buffer, "N");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, "An");
_outtext(buffer);
response =
_getch();
response = toupper(response);
if (response == 'Y') {
error = 1
;
experiment_done = true;
goto EXIT_STEP;
}
else {
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_clcar,scrccn(_GCLnAR SC1< I il > N)-
/goto PAU^T^ ^""'"^^'^ "^"^^ ^ -'"--on */
/* ^
}
*/ ' ^ ' "^"^c IS stopped but data collccl.on */
} /* end ofkbhit */
} while (elapscd_limc < lime_per_slep);
/* end ofelapsedjimc */
} /* end of compression-decompression step */
if (Ioop_donc II (loop~ 0))
goto NFXT;
step = slep_2;
increment = increment_2;
first_pos = intermed_pos;
second_pos = end_pos;
timc_per_step = time_per_step_2;
loop_done = true;
goto LOOP;
NHXT:
clear_keyboard();
} /* end of loop sequence */
experiment_done = true;
} /* end of experiment_done, experiment terminated normally */
error = 0;
EXIT_STEP:
return error;
) /* end of step_compression */
char relaxation (char function)
/* collects voltage output for fixed time period. */
long volt_interval, relaxation_deiay; /* in sec or millisec */
char get_compr_data; /* (lag to indicate that data should be */
/* taken while compression is being applied */
double current_volt;
char voltage_started; /* flag to indicate that voltage data is being collected */
char response;
char command|80];
clock__t start_ti(Tie, current_time, previ()us_time;
double clapsed_lime, remaining_time;
char error, zero;
char answer! 30];
char experiment_done;
char *coord|21 = { "VOLTAGB (mV)", "TIME (min)" }
;
unsigned int xrange;
double current_x;
double current_y;
zero = false;
voltage_slarted = false;
experiment_done = false;
get_compr_data = true;
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relaxation_delay = 15000;
volt_interval = 4;
xrange =120;
/* do {
clear_keyboard();
_clearscreen(_GCLEARSCREEN)-
_settextcolor(14);
_settextposition(2,0);
sprintf(buffer, " Relaxation Experiment\n")-
_outtext(buffer);
sprintf(buffer, " \n\n")-
_outtext(buffer);
!outtexKbu^^^^^^
compression steps (in sec)
fscanf(stdin, "%ld", &relaxation_delay);
sprintf(buffer, "\n\nlnput voltage data co'llection period fin sec) • "V
_outtext(buffer); ^
'
fscanf(stdin, "%ld", &volt_interval);
sprintf(buffer, "\n\nlnput maximum X-axis plotting limit")-
_outtext(buffer);
sprintf(buffer, "(60, 120,..., minutes) : ");
_outtext(buffer);
fscanf(stdin, "%u", &xrange);
_settextposition(28,0);
sprintf(buffer, "Are these parameters acceptable Press")-
_outtext(buffer);
_settextcolor(12);
sprintf(buffer, "Y");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, " or ");
_outtext(buffer);
_settextcolor(12);
sprintf(buffer, "N");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, ".");
_outtext(buffer);
response =
_getch();
response = toupper(response);
} while (response != 'Y'); */ /* end of loop parameters */
while (!experiment_done) { /* start of experiment */
_clearscreen(_GCLEARSCREEN);
/*
_settextposition(23,0);
sprintf(buffer, "Current voltage (mV) : ");
_outtext(buffer);
clear_keyboard();
do {
current_volt = avg_volt_val(10) - ref_volt;
_settextposition(23,28);
sprintf(buffer, " %3.21f", current_volt);
_outtext(buffer);
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delay(lOO);
} while (!_kbhit()); */
voltage_started = false;
clear_keyboard();
_moveto(5,350);
_setgtextvector(0,l);
_outgtext(coord[0]);
_moveto(275,465);
_setgtextvector(l,0);
_outgtext(coord[l]);
_settextposition(4,0);
_settextcolor(12);
sprintf(buffer, "Strike any key to stop relaxation at any time ")•
_outtext(buffer); ^ ^'
_settextcolor(15);
_settextposition(7,0);
sprintf(buffer, "Current voltage (mV) : ");
_outtext(buffer);
_settextposition(8,0);
sprintf(buffer, "Remaining time for relaxation step (sec)- ")•
_outtext(buffer); ^
^'
remaining_time = (double) (relaxation_delay);
elapsed_time = 0;
if (get_compr_data)
start_time = clock();
do {
/* should we collect voltage data before compression stops ? */
if (get_compr_data) {
voltage_started = true;
}
/* check to see if we have to turn on voltage collecting */
if (!voltage_started) {
if (!get_compr_data) {
/* start collecting data */
start_time = clock();
voltage_started = true;
}
}
/* if time, collect a voltage data point */
if (voltage_started) {
current_time = clock() - startjime;
elapsed_time = ((double) currentjime) / 1000;
remaining_time = (double) ((relaxation_delay * 1000
- current_time) / 1000);
if ((current_time - previous_time) > (voltjnterval * 1000)) {
/* time to get a point */
current_volt = avg_volt_val(10) - ref_volt;
if (!no_file) {
if (elapsed_time != 0) {
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fprintf(data_out,"%lf %3.21f %3.2mn", elapsed_time,
r^nrr^^f , current_volt, last area);'cuiTent_y = cuiTent_volt; ~
current_x = elapsed_time / 60;
plot_data(current_x, currency, function)-
}
}
}
}
previous_time = current_time;
_settextposition(7,27);
sprintf(buffer, "%3.21f", current_volt);
_outtext(buffer);
_settextposition(8,45);
sprintf(buffer, "%6.01f", remaining_time)-
_outtext(buffer);
if CkbhitO) { /* potential user interrupt */
clear_keyboard();
goto EXIT_RELAX;
/*
_settextposition(4,0);
_settextcolor(15);
sprintf(buffer, "Do you wish to terminate the run prematurely Press
_outtext(buffer);
_settextcolor(12);
sprintf(buffer, "Y");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, " or ");
_outtext(buffer);
_settextcolor(12);
sprintf(buffer, "N");
_outtext(buffer);
_settextcolor(15);
sprintf(buffer, "An");
_outtext(buffer);
response =
_getch();
response = toupper(response);
if (response == 'Y') {
error = 1
;
goto EXIT_RELAX;
}
else {
_clearscreen(_GCLEARSCREEN);
goto PAUSE;
} */ /* continues data collection */
} /* end of kbhit */
} while (elapsed_time < relaxation_delay);
/* end of elapsed_time */
clear_keyboard();
experiment_done = true;
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Lr O;""^
«f
^^P^""^ent_done, experiment terminated normally. */
EXIT_RELAX:
return error;
} /* end of relaxation */
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APPENDIX B
CALCULATIONS OF THE REFLECTIVITIES IN CASE OF A THREE-PHASE
BOUNDARY SYSTEM
All the calculations presented in the following have been generated using the
Mathcad 6.0 software. To better understand these calculations and methodology, the
readers should refer to the literature references listed in Chapter 2, section 2.4. First, the
complex refractive indices of liquid water are represented in the mid-infrared region. Then,
expressions of the reflectivities and absorbances for both s- and p-polarizations are
presented for a three-phase stratified layer system. Finally, calculations of the reflectivities
for a silk fibroin polymer film at an air-water interface are performed using both the exact
Fresnel equations as well as a thin film approximation.
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COMPLEX REFRACTIVE INDICES OF LIQUID WATER
M
:
- READPRN( H20PRN)
f
:
= reverse(M<°>) Frequency
nb
:
= reverse(M'^' >
) Refractive Index
kb
:
= reverse(M''2'* ) Extinction Coefficient
^''j " ("^j ^ ' ''^j)^ Dielectric Constant
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THREE PHASE STRATIFIED LAYER SYSTEM
Renectanceat Air
-Anisotropic Polymer - Water Boundaries
j:=2..299 z;=0
d:=10-^(cm) Polymer Film Thickness
M:=READPRN(H20PRN) Data FUe for Pure Water Complex
f
:
= reverse(M'^°>) Frequency
n: = reverse(M<'>) Real Part of Refractive Index
k
:
= reverse(M<2>) Extinction Coefficient
Refractive Indices
e. =0
J
j:-45..55 e ; = ^.exp(-l.(|j_ 50|))
Dielectric
j :=1I5.. 125 E. : = 2.0exp(-l (|j- I20|))
Constants
(t)0:-30-— Angle of Incidence
1 80
^ Dipole Moment Direction
1 80
j : = 2..299
nl
:
= 1 Air Mcdilum Refractive Index
i
-e.-sinCe)
el. :
J
-t- 2.25 perpendicular el
e2. : = i -e.-cosO) +2,25
J J
parrallel e2
n2. ; =
J
el
' nl^ sin((j)0)^
^
nl^ sin((})0)^
\
e2.
J
El
J /
Anisotropic Polymer Refractive Index
n3 :-n - i k. Water Medium Refractive Index
J J J
61 :=asin
J
/nl-sin( (1)0)
n2
J /
(1)2. : = asin
J
''nl-sin((t)0)^
\
n3
/
Angles of Refraction
and Transmission
a, : = 2 Tc d n2 r cosfd)!
J J J r j
Phase Shift
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ml
:
= nl cos((j)0)
ml - m2
rl2. : = J
^ ml ^ m2
J
m2.
n2.cos^(()l
el
m3
n3ycos^<[)2.
n3.
m2.- m3. on-
r23. : = J__i l<enection Coefficients
^ m2^
-t- m3. at Individual Interfaces
rl2.^r23.exp^2i.a."
'"'TT^^^^T^^ ^'"^^^^"'^ Coefficient
R :=
J
Reflectivity with Presence of Polymer Film
a. =0
J
rl2. + r23.expf2ia
rO. : = J J \ J
^ 1 -hr23.Tl2.-expf2i-a
J J \ j
RO =
J
rO. Reflectivity at Air Water Boundary
Ap. : =
-log
RO.
\ J
Reflection Absorbance for p - Polarization
n2. := el.
J J
.
,
nl-sin((t)0)\
(t)l. . = asm'
^
J
1 n2. ,
J /
(1)2. : = asin
J
nl-sin((j)0)
n3
j /
a. : = 2 jt d n2. f cos
J J J \- J
mis : = nl cos((j)0) m2s. ; = n2.-cos((|)l
J J \^ j
mSs. : = n3.-cosf(|)2
J J V J
mis - m2s.
rl2s. ; = 1
^ mls-hm2s.
J
m2s. - m3s.
r23s. : = J J
ni2s.
-t m3s.
J J
rs.
rl2s. + r23s.exp(2ia
J J V j
1 + r23s.rl2s.exp('2ia
J J j
a. =0
J
Rs rs.
rl2s. + r23s.-exp(2ia
rs0.: = . ^ L
1 + r23s.Tl2s.-expf2ia
J J \ j
Rs, \
As. : = - log
I
—^-
RsO.
J/
RsO. rsO
Reflection Absorbance for s - Polarization
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CASE OF A HEROIN SILK POLYMER FILM
o DieleCc Function Calculated with Har.on,c Oscillator Resonance
M
:
= READPRN(febpm)
j : = o..400 , : = 0..400 n := 1.45
Frequency
Intensity
f
-reverse(M^^^
)
I
—reverseCM*^*"^
k: = ^100/
\-4-7t-10'^-f/
n. :-n
Extinction Coefficient
k.
1 Micron Thick Film
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o Exact Fresnel Equations
^ =30
Film Thickness
Angle of Incidence
8. -I n d^ l Reduced Thickness
I
j =0..400
Jbj :=^eb.-sin(<^
s - Polarization
rles
cos((t)
0
J
J
COS^(^^
J. - Jb.
r2es. : = i
J
J. ^ Jb.
J J
res
rles. -\- r2es. exp(i
-l b
-J
J J \ j J
1 rles/r2es expfi -l-b
-J
J J \ j J
p - Polarization
Res res.
cosU
J.
rlep.
J.
cosf(t)^J -f -J
e.
J
r2ep-
rep
rlep
-h r2ep. exp i ^ ^. J.
V J J
^
1 ^ rlep. r2ep. exp^i
-S-S.-J.
J Jb.
_J J
e. eb.
J J.
J Jb.
e. eb.
J J
Rep. repj
8. =0
J
repb
rlep.
-i- r2epj exp|^i ^ ^. J.
^ 1 -hrlep.r2ep.exp(i Z-S.-J.
resb
rles.
-h r2es. exp i -l b J.
J J ^\ J J
1 ^ rles •r2es. exp| i ^-S.-J.
Repb. :=(|repb.|)
Resb resb.
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o Thin Film Approximatiion
8 : = 2-7i H f.
J 2 J
s - Polarization
Rs =
J
p - Polarization
\2
1 +4-5.-cosf^ Vim J J
lEb.- 1
,
\ J //
Film on Liquid Substrate
Scales Linearly with Reduced
Thickness
8. :-0
J
Jbj - ebycosM)^
Jb.
-t" eb. cos (b
J J \
4-5
1 +
cos((|)
Im
1
idem
Rsb.
Jb. - cosf^^
Rpbj: =
Jbj
-t- cos|^(t)p
Jb. - ebycos^^^
1 + 4-8.-cos((t)J-Im
'e.-Eb.^^
J J
Eb
Jb. + EbycosU^
\2
4-8.
1 +
J
cosU
Im
j //
2
JbJ
-V ft -sinU
2 . .2
0/
Eb
eb,-lj.^Eb^-tan(^^
<t)B. -atan
J
eb
Substrate Pseudo
Brewster Angle
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o Exact Fresnel Equations
s - polarized
P - polarized
1400 1500 1600 1700
The Contribution of Substrate Extinction Coefficient Gives Rise to Band Distortion
and Baseline Offset
.
Also Bands Attributed to Substrate are Preeven when Spectra
are Normalized to Bare Substrate
.
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